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ABSTRACT
The present research program has focused on modifications of the global aerodynamic

characteristics of lifting surfaces at cruise (low) angles of attack when the baseline flow is fully
attached. Aerodynamic forces and moments are effected by trapped vorticity concentrations
without moving control surfaces the generation and accumulation (trapping) of vorticity near the
leading and trailing edges of the lifting surfaces is managed by integrated hybrid actuators
comprised of miniature [O(0.01¢)] small obstructions and synthetic jet actuators. The present
work has demonstrated that the presence of controllable trapped vorticity concentrations. can
result in several complimentary aerodynamic effects. Actuation on the pressure surface near the
leading edge (x/c = 0.21) results in a substantial (up to 50%) reduction in pressure drag and a -
reduction of 29% in total drag with virtually no loss in lift and therefore higher lift to drag ratio.
When the actuation is applied near the trailing edge, the primary effects are bi-directional
changes in the pitching moments (up to +0.65Cyo) without moving control surfaces. These
changes can be continuously varied by controlling the actuation amplitude. Moreover, by
exploiting transitory aerodynamic effects through pulse modulated actuation near the trailing
edge, it is possible to maintain the same aerodynamic performance at substantially reduced
actuation power. Particle image velocimetry (PIV) studies of the flow in the vicinity of the
actuators and in the wake and boundary layer of the airfoil were used to investigate the creation
and manipulation of trapped vorticity near the hybrid actuator and the resulting effects on the

airfoil aerodynamic characteristics.
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. INTRODUCTION

Strategies for active flow control on lifting surfaces employing fluidic actuation have primarily
focused on mitigation of partial or complete flow separation in order to improve aerodynamic
performance. Prior studies have demonstrated significant aerodynamic effects that occur as a
result of application of steady suction and blowing (e.g. Chang 1976 and Attinello 1961) or
pulsed blowing (e.g. Seifert et al. 1996). However, substantial quantities of mass flux are
required to achieve any significant effect using these methods; this difficulty is overcome
through the use of synthetic jets, which were used by Smith and Glezer (2002) to manipulate a

much larger steady jet.

Active flow control techniques can be divided into two categories according to the (reduced)
frequency at which they operate. In many instances, the primary focus has been on mitigation of
partial or complete flow separation over stalled wing sections or flaps where the separating shear
layer is dominated by a strong coupling to the instability of the wake that leads to the nominally
time-periodic formation and shedding of large-scale vortices (e.g., Wu et al. 1998). Therefore,
attempts to nianipulate and ultimately control séparation in acrbdynhmic systems have relied on
the narrow-band receptivity of the separating, wake-dominated flow to external actuation at a
Strouhal numb-cr that corresponds to the unstable frequency of the wake. As noted by Glezer et
al. (2005) the éctuation induces a Coanda-like deflection of the shed vortices towards the surface

of the stalled airfoil and consequently to lift enhancement.

A different approach to flow control that is decoupled from the global flow (wake) instabilities
was developed at Georgia Tech and emphasizes fluidic modification of the “apparent”
aerodynamic shape of the surface by exploiting the interaction between arrays of surface-
mounted synthetic jet actuators and the local cross flow (Glezer and Amitay 2002). The
interaction domain between the jet and the cross flow is in effect a trapped vorticity
concentration where the actuator jet regulates a balance between the trapped and shed vorticity
concentrations that are coupled with local changes in the streamwise pressure gradient. The
work at Georgia Tech has demonstrated that the formation of these interaction domains upstream
of flow separation can result in complete or partial bypass (or suppression) of separation (e.g.,
Amitay et al. 1998, 2001 and Amitay and Glezer 2002). Control is attained at actuation

frequencies that are at least an order of magnitude higher than the characteristic flow frequency
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[Stace ~ O(10)] and therefore decoupled from global flow instabilities. It is noted that the use of
trapped vorticity to alter the apparent local surface curvature and the direction of the flow over
lifting surfaces is not new and was explored in a number of earlier investigations as early as the
1950s using stationary, mechanically trapped vortices (e.g., Perkins and Hazen 1953 and Hurley
1959).

Because this approach to flow control is decoupled from the global instability of the base flow, it
can be effective not only when the baseline flow is separated but also when it is fully attached,
namely at cruise conditions at low angles of attack. Chatlynne et al. (2001) and Amitay et al.
(2001) showed that the formation of a stationary trapped vortex above an airfoil at low angles of
attack leads to a reduction in pressure drag that is comparable to the magnitude of the pressure
drag of the baseline configuration with minimal lift penalty. Actuation was accomplished using
a hybrid actuator comprised of a synthetic jet downstream from a miniature surface-mounted
passive obstruction of scale O(0.01¢) and the extent and strength of the trapped vortex was
varied by varying the actuation frequency. In the present studies, hybrid actuators each
consisting of a small passive obstruction of size O(0.01¢) similar to a Gurney flap combined with
an integral synthetic jet actuator are used on the surface of an airfoil to create and manipulate

concentrations of trapped vorticity in order to improve aerodynamic performance.

A Gurney flap is a flat plate that is typically mounted along the trailing edge of a conventional
airfoil and normal to its lower (pressure) surface such that its height is on the order of the
boundary layer thickness. As noted by Liebeck (1978) (and confirmed by wind tunnel testing of
a flap of height 0.0125¢ on a symmetric Newman airfoil), a flap having a characteristic height
smaller than 0.02¢ can lead to simultaneous increase in lift and reduction in drag. Although
Liebeck (1978) noted that the mechanism for drag reduction was not well understood, he
nevertheless suggested a possible mechanism as illustrated in Figure I.1. It was conjectured that
the drag reduction results from the displacement of small adjacent separation bubbles (essentially
a counter-rotating vortex pair) that form along the upper and lower surfaces of the airfoil just
upstream of its trailing edge (Figure I.1a). These bubbles extend into the near wake and a
stagnation point is formed along the dividing streamline that extends to the trailing edge. The
downwash associated with the increased lift in the presence of the Gurney flap apparently results
in displacement and stretching of the separation bubbles (Figure 1.1b) and therefore in a smaller

velocity deficit within the wake of the airfoil.
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Figure I.1. Conjectured flow structure near the trailing edge of an airfoil with a Gurney
flap. (From Liebeck 1978).

The formation of the counter rotating vortex pair downstream of a Gurney flap was later
demonstrated computationally on a cambered airfoil profile by Jang (1992). Jeffrey et al. (2000)
confirmed this experimentally, showing how a Gurney flap increases circulation over the airfoil
by inducing the equivalent of a stationary vortex located near the trailing edge. Some evidence
_in the literature (e.g., Myose et al. 1998) suggests that drag reduction by Gurney flaps is more
readily achieved on symmetric rather than on cambered airfoils. Also, other types of trailing
edge flaps similar to a Gurney flap, including wedge-shaped and angled flaps, have been used to
affect aerodynamic performance in a manner comparable to a Gurney flap (e.g. Bloy et al. 1997
and Richter et al. 2002). Of particular note from the standpoint of the effects of trapped vorticity
is the work of Carrannanto et al (1998) who used a passive Gurney flap like tab to modify the
venting flow upstream of a deployed trailing edge flap to engender concentrations of trapped
vorticity and thereby significantly improve the aerodynamic performance of the flap and

maintain fully attached flow on the flap.

As noted above, the objective of the present work is to vary the aerodynamic performance of an
airfoil by manipulating the trapped vortices that are induced near the surface of the airfoil by a
miniature hybrid actuator that is essentially similar to an active Gurney flap. The trapped
vorticity downstream of the actuator’s passive obstruction is controlled by an integrated synthetic
jet actuator. Actuators are placed at several key locations along the airfoil including the pressure

side near the leading edge and the pressure and suction sides near the trailing edge with
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significant complimentary effects on the global aerodynamic forces and moments at low angles

of attack when the flow over the airfoil is fully attached.
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II. EXPERIMENTAL APPARATUS AND TECHNIQUES
1.1 Airfoil Model

The experiments described in this report are conducted using a swept airfoil model with a
uniform cross section with a sweep angle of 27.1°. The chord length in the streamwise direction
is 501 mm and the span is approximately 1.0 m, corresponding to the width of the wind tunnel in
which it is installed. The cross section is based on a commercial aircraft configuration and
contains an inflection point on the pressure surface near the trailing edge, as shown in Figure
[I1.1. The model is made of fiberglass and features a smooth finished surface lacking seams or
protrusions. Metal end plates are used to attach the model to a pair of coaxial pegs by which it is
mounted in a wind tunnel using frictional couplings; this arrangement permits the airfoil to be
securely restrained in the tunnel while allowing the angle of attack to be set arbitrarily in a range
spanning —5°<a < 10° Springloaded pins on the endplates with attached rubber pads press
against the side walls of the wind tunnel, further securing the model in place: the pins are located
as far as practical from the mounting pegs to ensure that the model remains at a constant angle of

attack.

- [ e

Figure I1.1. Airfoil model with actuator.

A cavity in the interior of the model permits a wide variety of flow control hardware to be
installed on the airfoil. Access is provided by a removable rhombus-shaped panel at midspan
measuring approximately one third of the span to which flow control hardware is attached (see
below). The panel is flush mounted to the surface of the airfoil, and all gaps and fasteners are
sealed to minimize disturbances to the flow. Multiple panels, identical except for the particular
flow control hardware attached, are used to test the model under various configurations; a panel

without flow control hardware is used to obtain baseline measurements.

The model is installed in an open return wind tunnel with a test section having a square cross

section of nominal size 1.0 m. Flow through the inlet is generated by a primary fan driven by a
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130 kW motor that is connected to a speed controller. Downstream of the fan, the flow passes
through a diffuser containing straightening vanes and screens into a plenum, which is connected
to the test section by a converging section having an area ratio of 9:1. This system produces a
flow in the test section that is nominally at atmospheric pressure, with a maximum speed of 42
m/s and a turbulence level of 0.2%. Movable panels located on two opposing walls of the test
section can be adjusted so that the pressure is uniform in the streamwise direction, thus

diminishing the effects of the wind tunnel walls on the flow around the model.

The entire airfoil (including the removable panels) is instrumented with a circumferential array
of 70 pressure ports located at mid-span. Additional pressure ports located on the synthetic jet
modules can be included as necessary. Each port is connected to a Pressure Systems, Inc. Model
98RK NetScanner digital pressure measurement system consisting of five 16-port modules with
a range of 2.5 kPa. The system produces simultaneous measurements of the static pressure at
multiple locations on the airfoil with an accuracy of 4 Pa. Data from the scanner is transferred to
a PC running the National Instruments, Inc. LabView software package, which is used for

storage and analysis of the pressure measurements.
1.2 Hybrid Actuators

Control of the flow is accomplished using various configurations of hybrid actuators installed on
the airfoil. Each hybrid actuator consists of a small obstruction having a characteristic cross
stream dimension of O[0.01¢] integrated with a synthetic jet actuator. Within the actuator is a
central cavity containing piezoelectric discs and a small rectangular orifice in the plane of the
airfoil sweepline through which the jet exits. In the present investigations, two different types of

hybrid actuators are used.

One of the hybrid actuators used is surface-mounted and contains four piezoelectric discs of
diameter 31.75 mm. The actuator is in the shape of a wedge of length 159 mm and height 8.3
mm, or 0.017¢ in terms of the airfoil chord, and contains a rounded surface on the downstream
end which is designed to exploit the Coanda effect. Located at the upstream end of the rounded
surface is a small backward facing step of height 1.5 mm which contains the actuator orifice.
Owing to the orientation of the orifice, which is rectangular and has dimensions of 150 mm in
length and 0.4 mm in height, the jet is directed in the downstream direction. The center of the

orifice is located 1.0 mm from the corner of the wedge, as illustrated in Figure 11.2. The actuator
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and rounded surface are also equipped with ports for static pressure measurement, one of which
is located at the actuator orifice. The actuator is operated at a frequency of fiq = 1770 Hz,
corresponding to a resonance of the actuator cavity. At a freestream speed of U, =30 m/s, the
reduced frequency of the actuator is Sty =29.5, and the maximum momentum coefficient is

Cy=0.9-10". The Stokes number has a value of 10.9.

0.017¢

[ S

1

Figure I1.2. Detail of actuator configuration, the jet produced by the actuator is denoted
by the large arrow.

A second type of hybrid actuator used in these studies is designed to be embedded in the
removable airfoil cover (see above). This actuator is of rectangular shape with dimension of 300
mm x 36 mm x 8.9 mm and contains sixteen piezoelectric discs, eight of which are on either side
of a central cavity. A curved slot connects the cavity to a rectangular orifice located near one of
the long edges of the actuator body that is oriented to produce a jet in the downstream direction.
Like the wedge-type actuator, this hybrid actuator is also fitted with a rounded Coanda surface
downstream of the orifice containing static pressure ports. The upstream facing surface can be
equipped with one of several fairings with different slopes, each of which contain static pressure
ports. The actuator operates at a cavity resonance frequency of f, = 2250 Hz, corresponding to
a reduced frequency of St, = 38 at a freestream speed of 30 m/s. At this speed the maximum

momentum coefficient is C, = 0.9-10, and the Stokes number is 12.3.
1.3 Particle Image Velocimetry (PIV)

Phase-locked and time averaged PIV are used on and near the airfoil centerline to characterize
the flowfields near the hybrid actuator and in the wake, as well as in the boundary layer around
the entire airfoil. PIV analyses are predominantly conducted in the cross-stream plane z = 0;
however, as noted in §II1.2.2, some measurements are taken in a plane normal to the airfoil

sweepline.
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A digital PIV system is used to obtain pairs of images of the flowfield for crosscorrelation. The
flow is seeded with particles of theatrical fog fluid of size O[1 um] using a slotted airfoil located
in the wind tunnel plenum along the centerline (see above). A double pulse Nd-YAG laser
illuminates the particles in the flow; this is accomplished by passing the circular beam through a
system of cylindrical and spherical lenses and the transparent walls of the wind tunnel to produce
a narrow laser sheet of approximate thickness | mm. Normal to the plane of the laser sheet is a
1000 x 1016 pixel CCD camera capable of acquiring pairs of images separated by a brief time
interval at a maximum rate of 15 Hz. Images from the camera (at spatial resolutions ranging
from 13 to 142 um / pixel) are digitized and stored for further analysis using a PC with a frame
grabber board. A synchronizer controlled by the PC operates the camera and lasers at
appropriate times to produce pairs of images of particles in the flowfield which can be processed

using the crosscorrelation routine in a commercial PIV software package.

Vector fields from the crosscorrelation software are used to calculate quantities such as mean
velocity, Reynolds stresses, and vorticity. In turn, these data are used to determine additional
characteristics of the flow including the vorticity flux and circulation around the airfoil as well as
the properties of the airfoil boundary layer. A software package developed in-house is used to
join multiple vector fields in different locations into a single high-resolution vector field,

permitting analysis of large regions of the flow.
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lll. TRAPPED VORTICITY NEAR THE TRAILING EDGE

This section of the report describes the aerodynamic effects of vorticity concentrations near the
trailing edge and the effective modification of the Kutta condition. In this configuration, the
pressure surface of the airfoil (¢ =501 mm) is equipped with a hybrid actuator of characteristic
height 0.017¢, the orifice of which is located at x/c = 0.93. The actuator operates at a reduced
frequency of Sty = 110 and contains an orifice of width 0.4 mm. The present measurements in
this configuration are conducted at Re. = 3.3-10°. The earlier work of DeSalvo et al. (2002)
showed that the aerodynamic effects of an inactive hybrid Gurney flap are similar to the effects
of a conventional Gurney flap located at the trailing edge of the same airfoil. The measured
aerodynamic forces were comparable to the forces effected by conventional Gurney flaps on
cambered airfoils (e.g., Jeffrey et al. 2000 and Gigueére et al. 1995), as well as the CFD results of
Jang (1992).

.1 Continuous Actuation

The effect of jet actuation on the pressure distribution around the airfoil when the hybrid actuator
is placed at x/c = 0.93 is shown in Figures Ill.1a and b for &= 4° and 8°, respectively. It is noted
that because the flow does not stagnate at the leading edge due to the sweep of the airfoil, the
maximum pressure coefficient observed near the leading edge is on the order of 0.8. Compared
to the baseline configuration, the addition of the Gurney flap leads to a decrease in pressure on
the suction surface of the airfoil and a corresponding increase on the pressure surface particularly
for x/c > 0.65 (similar effects on the pressure distribution for a conventional Gurney flap were
observed by Giguere et al. 1995). It is noteworthy that the presence of the actuator on the
pressure side leads to an increase in pressure upstream of the actuator (x/c =0.93) and a
corresponding decrease in pressure downstream of the actuator owing to the suction induced by
the local separation domain. One immediate consequence of these pressure changes is an
increase in lift; however, there is also an increase in drag because of the lower pressure on the
downstream section of the suction surface. Compared to the smooth airfoil, the increase in lift
that results from the decrease in pressure on the suction surface appears to be accompanied by
increased downward turning of the flow above the airfoil and a reduction in the pressure near the
trailing edge. However, as noted in connection with Figure 1I1.2b, the increase in lift is also

accompanied by an increase in pressure drag.
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Figure II1.1. Pressure distribution around the airfoil for (a) o= 4° and (b) = 8°. (s)

Baseline, (v) actuator not operating, (A) continuous actuation.

Actuation (C,=8:10") results in an increase in the pressure distribution on the suction side of
the airfoil and a slight decrease in pressure upstream of the actuator on the pressure side. It is
remarkable that the pressure distribution along the entire upper (suction) surface of the airfoil
when the jet is operating is higher than in the absence of actuation and is virtually identical to the
pressure distribution of the smooth airfoil. At the same time, while the pressure along the
pressure side of the airfoil is generally lower than when the jet is inactive, it is still higher than
for the smooth airfoil and the blockage effect that is induced upstream of the hybrid Gurney flap
on the pressure side is somewhat diminished (this change is more pronounced at o = 8°, Figure
[II.1b). The actuation also results in an expansion of the lower (suction) pressure domain
between the downstream edge of the actuator and the trailing edge of the airfoil. This is shown
by the presence of a suction peak at x/c = 0.96 where the pressure coefficient is lower than in the

absence of actuation.

As shown in Figures Il1.5a-b below, the actuation causes the flow to turn upward (toward the
trailing edge), accounting for the increase in the trailing edge pressure. The upward tilt is
commensurate with the slight reduction in lift that is caused by the increased pressure on the
suction surface and the suction peak on the lower surface (x/c = 0.93). The upward turning of the
flow near the jet orifice is similar to the turning (vectoring) of a primary jet toward a low-
pressure interaction domain that is induced by an adjacent synthetic jet actuator, which was

investigated in detail by Smith and Glezer (1998).

11
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Figure II1.2. Variation with angle of attack of (a) Cp., (b) Cpp, and (c) L/D,. (s)
Baseline, () actuator not operating, (A) continuous actuation.

The effect of the actuation on the aerodynamic characteristics of the airfoil for angles of attack
within the range —1° < @< 10° is shown in Figure II1.2. Although the addition of the hybrid
actuator at x/c = 0.93 results (in the absence of actuation) in an increase in lift (Figure 111.2a), a
simultaneous increase in pressure drag (Figure II1.2b) leads to an overall decrease in L/D,
compared to the baseline (smooth) airfoil (Figure I11.2c). When actuation is applied (C, = 8:107),

the lift decreases (the decrement AC; = 0.07 is almost independent of angle of attack), and is

12
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very close to the lift coefficient of the smooth airfoil even though the hybrid Gurney actuator is
present. These data show that for a given C;, the actuation leads to a decrease in the pressure
drag compared to the effect of an unactuated flap and even to the smooth (baseline) airfoil.
Therefore, the reduction in drag when the actuation is applied leads to a substantial increase in
L/D, over the entire range of angles of attack (Figure III.2c). At this streamwise position of the
hybrid actuator, the maximum lift to pressure drag ratio is obtained at @=6° (L/D, = 34.1),
which is an increase of 40% over L/D, of the unactuated flap, but more significantly an increase

of more than 20% relative to the smooth airfoil.
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Figure II1.3. Variation of (a) moment coefficient about ¢/4 and (b) center of pressure
location. (s) Baseline, (¥) actuator not operating, (A) continuous actuation.

The effects of forcing on the moment coefficient (about ¢/4) and streamwise center of pressure
location are shown in Figure 111.3 for 1° < @< 10°. In the absence of actuation, the Gurney flap
leads to an increase of approximately 0.025 in the downward pitching moment for the entire
range of angle of attack. This increase results from the increase in lift near the trailing edge
because of the increased suction and pressure on the upper and lower surfaces, respectively.
Actuation leads to an increase in the moment coefficient over both the unactuated flap and
smooth airfoil (Figure I11.3a), resulting in a further reduction in the downward pitching moment.
Both the low-pressure domain that forms downstream of the actuator near the trailing edge, and
the rise in pressure on the suction surface (Figure III.1) contribute to this effect. For the present
airfoil, the center of pressure moves forward with increasing angle of attack (Figure I11.3b). In
the presence of the inactive hybrid actuator, the center of pressure is 0.05¢ downstream of its
location for the corresponding baseline airfoil due to the increased lift near the trailing edge.
However, when the actuation is applied, the center of pressure shifts approximately 0.03¢

upstream relative to its position for the baseline airfoil.

13
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lll.2 Pulse-Modulated Actuation
ll.2.1 Aerodynamic Performance

It is possible to continuously vary the aerodynamic effects of the actuation either by adjusting the
amplitude of the (continuous) actuation waveform and thereby the strength of the control jet as
measured by its momentum coefficient C, (e.g., Amitay et al.(2001)) or by operating the jet on a
limited duty cycle (e.g., using amplitude modulation) and therefore effectivel;;;ducing its time-
averaged momentum coefficient. In the present experiments, the effects of continuous and
amplitude modulated actuation waveforms having the same input power are compared. Variable
duty cycle square wave modulation of the time-harmonic actuation waveform (fze; = 2220 Hz) is

applied at frequencies 5 Hz < finoa < 111 Hz.

Figure I11.4 shows the variation of the aerodynamic performance of the airfoil at a fixed angle of
attack @=35° over a range of reduced actuation input power (normalized relative to the
maximum) ¢* and modulation frequency fn.s. The figure includes plots of the lift (IIl.4a),
pressure drag (111.4b), L/D, (I1l.4c), and Cy (I11.4d). In the absence of actuation, i.e. g* = 0, the
presence of the inactive Gurney actuator results in a 16% increase in lift over the smooth airfoil
(Cr=0.408), and a 34% increase in drag (Cp, = 0.0143), corresponding to a decrease in L/D,, of
14% relative to the baseline airfoil (Figure II1.4c). As the actuator power is increased, the lift
decreases monotonically (cf., Figure Ill.4a), and, in the case of continuous (unmodulated)
actuation, the pressure drag also decreases monotonically so that at maximum power L/D,
increases by 8% relative to the baseline airfoil. However, with modulated actuation the drag
decreases to a minimum of Cp, = 0.0123 (i.e., 14% less than for the smooth airfoil) for actuation
input power in the range 0.8 < g* < 0.9 before rising slightly for ¢* =1 (i.e. full power without
modulation). Figures II1.4a and b also show that the variation of the modulation frequency also
has a significant effect on the lift and pressure drag coefficients. At low modulation frequencies
(e.g. 5 Hz), the variation of lift and drag with increased ¢* is similar to the variation observed in
the unmodulated case. The decrease in lift and drag ar a constant actuator power level as fyoq is
increased to about 40 Hz yields a corresponding increase in L/D,, relative to the baseline airfoil
(Figure I11.4c) indicating improved actuator performance. For instance, for fu.s= 37 Hz, the
drag is reduced up to 12% compared to continuous actuation, while the lift declines no more than

6%. The effect is most pronounced at lower actuator power levels, particularly at ¢* <0.4.
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Figure IIL.4. Variation of (a) C./Cyro, (b) Cp /Cpo,, (c) (L/D)/(L/D)s, and (d) Cys with
reduced actuation power q* and modulation frequency fumoa, for a=25". fuoa=10
corresponds with continuous actuation.

Further increases of modulation frequency have relatively little effect on aerodynamic
performance, except for small increases in the lift and drag at higher actuator power levels.
Figure IIl.4c shows that L/D, has a maximum for g* ~ 0.8-0.9 and f,,s around 40 Hz because of
the minimum drag that occurs under the same conditions (Figure 6b). In particular, for f.qs = 37
Hz and ¢*= 0.9, L/D, is 8% greater than for continuous actuation at g* = 0.9, and 6% greater
than in the case of continuous actuation at full power. Finally, the variation of pitching moment
coefficient Cy with fi,0q and g* is shown in Figure 111.4d. The pitching moment is most negative
in the unforced case, and increases monotonically with actuator power. As modulation
frequency is increased, the moment coefficient for a given power level increases from its value at
Jmoa= 0 to a peak at f,,qs around 60 Hz and changes little at higher frequencies, except at higher

power levels where there is a slight decrease in Cy, under some conditions.
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This (limited) parametric data suggests that intermittent (or modulated) operation of the actuator
can yield aerodynamic performance improvements that are higher than what is achievable with
continuous actuation at the same input power levels. As shown in §II1.2.2 below, these changes
are associated with transient effects that occur during the activation and deactivation of the
actuation and are not present during continuous operation. The advantages of transient actuation
in other aerodynamic flow control configurations was explored in earlier work at Georgia Tech,
e.g. Amitay and Glezer (2002).

ll.2.2 The Flow Field Near The Trailing Edge

The flow field in the vicinity of the airfoil's trailing edge (with the hybrid actuator installed) is
investigated using particle image velocimetry (PIV) in a cross stream plane that is normal to the
sweepline. Each measurement domain is comprised of eight partially overlapping frames each
having a field of view measuring 40.6 x 41.2 mm. Each frame is computed from an ensemble of
500 realizations (image pairs). Maps of vorticity distributions and cross stream velocity vectors
in the streamwise domain 0.88 <x/c* <1.13 are shown in Figure II1.5 (@ = 4°). Because the
view is normal to the sweepline, the x-coordinate is scaled by ¢* = c-cosy(where yis the sweep
angle). The flow in the absence of actuation is shown in Figure I11.5a, while in Figures III.5b
and IIl.5c actuation is applied at 50% power of the continuous (unmodulated) actuation
waveform and with modulation at 50% duty cycle and f0s = 37 Hz, respectively. As shown in
§I11.2.1, at these actuation levels, L/D, is 2% lower and 4% higher than for the baseline (smooth)
airfoil, respectively. Recall that as shown in §III.1, performance improvements up to 20% in

L/D, can be achieved using the hybrid Gurney flap actuator.

In the absence of actuation (Figure I11.5a) a domain of recirculating separated flow is formed
downstream of the actuator and extends beyond the trailing edge of the airfoil with a stagnation
point that is off the surface, at x/c* = 1.018 and y/c* =-0.013. Some vorticity from the upstream
boundary layer is trapped in this domain, while there is still vorticity flux into the wake beyond
its edge. When the actuator is operated at 50% continuous power in the absence of modulation
(Figure II1.5b), the recirculation domain contracts significantly as a result of the interaction with
the jet. The reduction in the local pressure is accompanied by a reduction in the extent of the
trapped CCW vortex (note the formation of CW vorticity on the upright surface of the actuator),

improved attachment near the trailing edge and the upstream migration of the stagnation point to
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Figure IIL.5. Time averaged velocity maps and vorticity contours near the trailing edge
in the plane perpendicular to the sweepline. (a) actuator not operating, (b) continuous
actuation at 50% power, (c) modulated actuation, fmoa = 37 Hz, ¢* = 0.5. A black circle
denotes the stagnation point near the trailing edge.
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x/c*=1.006 and y/c*=-0.013. The changes in the flow near the trailing edge result in pressure
recovery (cf., Figure III.1) and there is less downward turning of the flow, resulting in a 0.01c*
rise in the center of the wake at x/c*=1.10. It is also evident that the wake width decreases in
the presence of actuation, and the smaller velocity deficit that is associated with a reduction in
drag is accompanied by lower vorticity levels. Figure III.5c shows the effects of modulated
actuation at 50% duty cycle (but at the same power level as in Figure 111.5b). The recirculation
domain downstream of the actuator contracts further compared to the continuous actuation
(Figure II1.5b) and the stagnation point moves closer to the surface to x/c*=0.997 and

yle* =-0.005. The cross stream width of the wake is increased and the magnitude of the

Figure II1.6. Phase averaged velocity maps and vorticity contours on the pressure
surface near the trailing edge for modulated actuation, q* = 0.1, fmea =37 Hz, for
1/Tmoa = (a) 0, (b) 0.066, (c) 0.13, (d) 0.26, (e) 0.4.

vorticity is lower. This is a result of cross stream oscillations of the wake at the modulation

frequency following the onset and termination of the active portion of the modulation cycle.
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The transients that are associated with the time-periodic modulation of the actuation waveform
lead to variations in lift and therefore shedding of vorticity concentrations of alternating sense
when the lift increases or decreases. This process is illustrated by a series of phase averaged
vorticity maps near the trailing edge. These data were acquired at 10% duty cycle in order to
allow more time for the flow to relax to a pseudo (steady) state, and for the shed vortices to

evolve and be advected downstream.

The flow field in the immediate vicinity of the actuator is shown in Figure I11.6 at five successive
phases of modulation period. The actuator is triggered at the rise of the modulating waveform
(#/Tioa = 0, Figure I11.6a). At that time, the flow field near the actuator is similar to the field in
the absence of actuation (cf., Figure I11.5a) and shows the separated flow domain and the trapped
CCW vorticity upstream of the trailing edge. At #/T,,s= 0.066 (Figure II1.6b), a counter rotating
vortex pair which is visible near the actuator orifice appears to be advected towards the surface
ostensibly as a result of the low pressure domain that is induced by the actuator. The motion of
the vortex pair displaces the large CCW vortex farther downstream. It also appears that the CW
vortex from the actuator begins to weaken and wrap around the CCW vortex. The remaining
phases, 1/Tmoq = 0.13, 0.26, and 0.4 (Figures IIl.6¢c, d, and e, respectively), show the evolution of
the flow field after the actuation cycle is terminated. As a result of the actuation, a strong CCW
vortex is formed immediately downstream of the actuator’s edge while entraining CCW vorticity
from the upstream boundary layer. As a result, the free stream flow over this segment of the
airfoil is turned toward the surface while the CCW vorticity concentration from the previous
cycle is shed into the wake. At the same time, the vortex near the actuator continues to grow

towards the trailing edge and persists until the next actuation cycle.

A more global view of the flow near the trailing edge is shown in Figure II1.7 which is a
sequence of three phase-averaged composite images during and following the actuation cycle. In
Figure I11.7a (/Tnoa = 0.06), the actuator is still active and two successive vortex pairs are visible
in the image. Because of the predominantly CCW vorticity in the upstream boundary layer and
the direction of the cross flow, the CCW vortex weakens and diffuses rapidly. It is noteworthy
that because the flow is effectively unactuated 90% of the time, the wake is still turned
downward. Following the completion of the actuation cycle #/T},,4 = 0.16 (Figure 111.7b), the
vorticity that is trapped by the jet from the upstream boundary layer begins to roll up and

displaces the earlier vorticity concentration into the wake. At the same time, the near wake
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Jor t/Tpoa = (a) 0.06,

0.42 (Figure III.7c), the new CCW vortex is rolled up and virtually no CCW vort

Figure III.7. Phase averaged velocity maps and vorticity contours for modulated

actuation, fmoa=37 Hz,q* = 0.1
pressure side of the airfoil are computed from a sequence of phase-averaged PIV images of the

downstream of the trailing edge is beginning to turn upward. This process continues and at
shed into the wake indicating the trapping of a new vortex. The vorticity then continues to
It is clear that the shedding of vorticity concentration during the modulation cycle leads to
variations in circulation about the airfoil. In order to assess the variation of circulation over time,

accumulate for the remainder of the cycle until the actuator is operated again.

the (phase-averaged) time-periodic changes in vortic

tTmod
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Figure IIL.8. Variation of scaled vorticity on the pressure side of the airfoil flux past
x/c* = 0.997 with time, scaled by modulation period.

flow field (Figure II1.8). Contributions from the fluctuating components of velocity and vorticity
are neglected. During the early phases of the modulation cycle, up to #/7,.q=0.13, several
counter rotating vortex pairs form at the jet orifice and migrate downstream while displacing the
existing large CCW recirculating domain from the previous cycle. (Figure I11.7) The movement
of the CCW vortex past the trailing edge leads to a positive peak in the flux at #/7,,,s= 0.2. The
removal of the large CCW recirculating domain and formation of a new smaller CCW vortex
downstream of the actuator cause the freestream to be drawn toward the surface (cf., Figure
I11.7b) and results in a substantial reduction in the vorticity flux at 0.25 <#/T,,,s<0.55. This
process is followed by the slow buildup and downstream migration of the new CCW

recirculation region, which continues for the remainder of the cycle.

The changes in the structure of the wake as a result of continuous and modulated actuation at
equal power input are assessed from cross stream distributions of the velocity and Reynolds
stresses in Figure I11.9 averaged over the region 1.33 <x/c <1.43. The cross stream velocity
distributions in Figure II1.9a show that in the absence of actuation, the wake is deflected
downward (y = -0.08¢) as a result of the increase in lift (cf., §II1.1) with a width of 0.13¢ between
points of 0.99U... When continuous actuation is applied, the wake becomes noticeably narrower
(0.10c) and is deflected upward (its centerline is at y/c = -0.05), and there is a 2% decrease in the
velocity deficit, indicating a reduction in drag. However, when the actuation waveform is
amplitude-modulated, the time-averaged wake becomes significantly wider (0.18¢) and the
velocity deficit is reduced by 33% compared to the continuous actuation. As noted in §111.2.1, at

the same input power level the drag for modulated actuation is lower than for continuous
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Figure IIL.9. Time averaged profiles of (a) mean velocity, (b) v'v' and (c) u'v' in the
near wake. Unactuated in light gray; continuous actuation at 50% power in gray; square
wave modulated actuation at 50% duty cycle in black.

actuation and the spreading of the wake is a result of the shedding of the trapped vorticity. Note
that the wake is less symmetric about its centerline (in fact, skewed upward) as a result of the

asymmetric shedding of vorticity.
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Cross stream distributions of the Reynolds stresses show that continuous actuation leads to a
substantial reduction in v'v' compared to the inactive actuator and a decline in v’ on the suction
surface, along with a shift in the turbulence distribution commensurate with the upward shift of
the wake. However, the Reynolds stresses are greater in the presence of modulated actuation, due
to large scale oscillations of the wake at the modulation frequency. The maximum v'v’ for
modulated actuation is 125% greater than for the other conditions, and the maximum magnitude
of u'v’ is 46% larger. This indicates that the contribution to the momentum flux from the
velocity fluctuations is greater than in the absence of actuation or for continuous actuation. It is
also noteworthy that the maximum v’v’ under modulated actuation occurs at y/c = -0.07, while
the velocity minimum is at y/c = -0.05, suggesting that the velocity variation is skewed toward

the lower wake, into which the vorticity from the pressure surface of the airfoil is shed.
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.3 TRAPPED VORTICITY CONCENTRATIONS NEAR THE LEADING EDGE

Studies similar to those in the previous section were conducted to characterize the effects on the
aerodynamic performance of the airfoil that are engendered by a single hybrid actuator located
on the pressure surface near the leading edge. The effects of actuation at various power levels on
the pressure distribution and aerodynamic coefficients are analyzed, and flow field
measurements in the airfoil boundary layer are used to further characterize the effects of
actuation, particularly the effect on wall friction around the entire airfoil. In this configuration
the actuator orifice is at x/c = 0.21, and at a Reynolds number of 6.7-10° the reduced actuation

frequency is Sty = 44. The Reynolds number in these experiments is varied between 6.7-10° and
1.3:10°.

.3.1 Pressure Drag Reduction

The effect of jet actuation on the pressure distribution around the airfoil when the hybrid actuator
is placed at x/c =0.21 is shown in Figures I11.10a-c for =4" and Re.=6.7-10°, 1.0-10°%, and
1.3-10° respectively. Note that due to the sweep of the airfoil, the flow does not stagnate at the
leading edge and therefore the maximum pressure coefficient near the leading edge is on the
order of 0.8. As shown in Figures III.10a-c, the local trapped vortex that is formed downstream
of the inactive hybrid actuator induces substantial suction and therefore a decrement in C, within
the domain 0.12 <x/c <0.33. The maximum magnitude of this decrement increases somewhat
with Rec from (nominally) 0.35 to 0.55. While this reduction in pressure can contribute to a
decrease in lif, it is offset by a concomitant, smaller increase in C,, over a larger segment of the
pressure surface of the airfoil upstream and downstream of the actuator so that (as shown in
Figures I1.11 and II1.12 below) the net impact on the lift and drag is minimal. It is interesting to
note that for Re. = 1.34-10°, the presence of the hybrid actuator leads to an additional reduction

in the pressure on the top surface of the airfoil through x/¢ = 0.5.

Actuation of the synthetic jet results in substantial changes in the interaction domain between the
actuator and the flow over the pressure surface and evidently in a reduction in the scale and
strength of concentration of trapped vorticity. The streamwise extent of the domain in which the
pressure decreases is reduced (the downstream edge of this domain moves to x/c = 0.26), and
there is a sharp increase in the magnitude of the maximum pressure decrement. While the extent

of the streamwise domain seems to be independent of Re., the magnitude of the pressure peak
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Figure IIL10. Pressure distribution around the airfoil for a = 4° for (a) Re. = 6.7-1 0,
() Re.=1.0-10° (c) Re. = 1.3-10°. (=) Baseline, () Actuator not operating, (%)
Actuator operating.

decreases somewhat with increasing Re. (C, =—1.4, —1.3, and —1.1). However, it should be

noted that in these measurements the actuation amplitude is invariant (to avoid damage to the

actuator) and therefore the effective momentum coefficient of the jet decreases with increasing
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Re. (for the data in Figures II1.10a-c, C, = 2.05-107, 0.91:107 and 0.51-107, respectively). As
discussed in connection with Figure II1.14 below, it is remarkable that the effectiveness of the
actuation increases with Re. and that at a=4° and Re.=6.7-10°, L/Dy in the presence of

actuation is 2.2 times higher than for the baseline airfoil (96 vs. 43).
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Figure IIL.11. Variation of C; with angle of attack. (®) Baseline, (a) Actuator not
operating, (¥) Actuator operating.

0.04 -

-0.01

Figure II1.12. Variation of Cp, with angle of attack. (®) Baseline, (a) Actuator not
operating, (¥) Actuator operating.
The effects of the actuation on the aerodynamic characteristics of the airfoil for angles of attack
within the range —2° < r< 8° are discussed next. The variation of the lift coefficient (Figure
I11.11) shows that the decrease in pressure on the bottom surface of the airfoil as a result of the
presence of the inactive hybrid actuator (cf. Figures II1.10a-c) leads to a slight reduction in lift
relative to the baseline airfoil which is invariant with angle of attack within the range considered

here. The reduction is nominally ACy = 0.02 or approximately 4% at a=4°. Jet actuation
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Figure III.13. Pressure drag polar. (®) Baseline, (a) Actuator not operating, (¥)
Actuator operating.

results in additional reduction in lift of 0.02 or AC =0.04 relative to the smooth airfoil
(approximately 8% at a=4°). However, as shown in Figure III.12, the presence of the inactive
hybrid actuator results in virtually no change in drag for 1° < @< 5°, a slight increase for az< 1°
and a comparable slight decrease for &> 5°. When actuation is applied (C, =2.05:107), the
pressure drag decreases substantially and uniformly (relative to the baseline) over the entire
range of & (at @=4°, ACp = 0.075). Of particular note are the (small) negative values of Cp, for
-2° < @< 3° indicating that the reduction in pressure drag can further offset the friction drag
assuming that it is unaffected by the presence of the hybrid actuator (as discussed in §I11.3.2).
The drag polar for this configuration (Figure II1.13) demonstrates that while the curves for the
baseline (smooth) airfoil and the airfoil with the inactive hybrid actuators are almost identical,
the activation of the jet leads to a shift of the entire curve to the left such that for lowest Cp,
attained in the absence of actuation (Cp, = 0.025) the lift in the presence of actuation increases
from C.=0.08 to 0.39. In §II1.3.2, the friction drag is estimated from boundary layer
measurements and it is shown that actuation reduces the total drag from Cp=0.017 for the

baseline airfoil to Cp = 0.012.

The lift to pressure drag ratio for this airfoil is shown in Figure I11.14. As expected, within the
range 3° < & <8° L/D,, in the presence of the inactive hybrid actuator is virtually identical to L/D,
for the smooth airfoil while for a<3° the inactive actuator leads to some degradation in
performance. However, jet actuation (Cy= 2.05-10'3) results in a large increase in L/D,

compared to the baseline. The increase at a = 4° is from 42.9 to 96.3 (i.e., over 120%). At lower

27



FLUIDIC CONTROL OF VIRTUAL AEROSURFACES, AFOSR Grant FA9550-04-1-0028, FINAL REPORT

2(: (deg)‘

Figure III.14. Variation of L/D, with angle of attack. (®) Baseline, (a) Actuator not
operating, (¥) Actuator operating.
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Figure IIL15. Variation of Cy with angle of attack. (®) Baseline, (a) Actuator not
operating, (¥) Actuator operating.

angles of attack Cp, becomes small and therefore L/D, is very large. Nevertheless, since the
total drag at &= 4° and Re. = 6.7-10° is known, it is noted that L/D increases from 28.3 for the

baseline airfoil to 35.8 for the actuated airfoil, an increase of 27%.

Finally, the effect of the actuation on the moment coefficient (about ¢/4) is shown in Figure
I1.15 for 1° < < 8°. These data show that because of the proximity to ¢/4, the effect of the
hybrid actuator in the absence and presence of the jet is rather small. For a>3° the hybrid
actuator results in a slight decrease in Cy (=0.003) where the jet has virtually no effect. For

a<3" Cy for the baseline drops slightly below the moment coefficient of the airfoil with the
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inactive hybrid actuator but jet actuation leads to a nominal reduction of 0.003 which brings Cy

close to the baseline values.
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Figure Ig.fd. Variation with C, of (a) Cr and (b) C’Dpfor Re.=(v) 6.7-10°, m) 1.0-10°,
(¢)1.3-10°.
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Figure IL.17. Variation of L/D, with C, for Re. = (v) 6.7-10°, (m) 1.0-10° (#)1.3-10°.

The sensitivity of aerodynamic performance modification to the actuation amplitude as measured
by the jet’s momentum coefficient is shown in Figures III.16 and III.17 for a=4° and
Re.=6.7-10°, 1.0-10° and 1.3-10°. Figures Il.16a and b show the variation of the fractional lift
and drag increments (relative to the baseline airfoil) ¢ pp=A4Cpp/Cppsmootn and
€ L= ACL/CL smoo- The maximum value of C,, is limited by the performance of the present
actuator. As discussed above, Figure I11.16a shows that while the presence of the inactive hybrid
actuator results in some reduction in lift, the activation of the jet brings about only a minimal

additional change. Overall, the decrease in lift induced by the presence of the hybrid actuator is
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less than 10% for Re.=6.7-10" and 1.0-10° and less than 2% for Re.=13-10°. The
corresponding fractional variations in Cp are far more significant. The maximum available C,, at
each of the three Reynolds numbers (in increasing order) results in maximum reductions in
pressure drag of 55%, 40%, and 45%, respectively, relative to the baseline configuration. It is
interesting to note that at low Cy, (nominally below 0.4-107), the jet actuation results in an
increase in pressure drag relative to the baseline and to the airfoil with the inactive hybrid
actuator. It is conjectured that the weak actuation leads to an increase in the extent of the
recirculating flow domain downstream of the actuator. Of particular note is the performance at
Re. = 1.3-10° for which the reduction in pressure drag is 45% despite the maximum available jet
momentum coefficient of Cy, = 0.5-10°, Figure I11.17 shows the variation of L/D, with C,. The
most prominent feature of these data is that for a given C, (e.g., 0.5:10), L/D,, increases with
Reynolds number. It is also noteworthy that the L/D, increases significantly relative to the
baseline airfoil when the actuation is active; for Rec = 1.0-10° and 1.310°, the /D, at maximum

Cy increases by 41% and 75%, respectively.
11.3.2 Estimation of Viscous Drag from Boundary Layer Measurements

The evolution of the boundary layer along the airfoil is characterized using high-resolution PIV
measurements at a number of stations along its top and bottom surfaces. In addition to detailed
velocity distributions and integral measures, it is also desired to estimate of the friction drag and
hence the rotal drag from measurement of the (scaled) wall shear stress around the airfoil. The
velocity distribution within the boundary layer is measured in cross stream planes that are normal
to the spanwise axis of the airfoil at ten streamwise locations on the pressure surface and eight
streamwise locations on the suction surface. The fields of view are nominally square and
measure between 13 mm and 20 mm on the side. The measurements are obtained at &= 4° and
Re.=6.7-10°. Each data set consists of 400 image pairs. The time-averaged data are used to
calculate the displacement thickness, momentum thickness, shape factor, and wall friction

coefficient Cy.

The variation of the boundary layer displacement thickness 6* along the surface of the airfoil is
shown in Figure II1.18 for the baseline airfoil, and the airfoil with the inactive and actuated
hybrid actuator. On the suction surface (closed symbols), the displacement thickness increases

monotonically for the three configurations, and is typically slightly (0.1 mm) larger for the
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Figure II1.18. Variation of 8" with streamwise location for Re. = 6.7-10° and a = 4°. ()
Baseline, (a) Actuator not operating, (¥) Actuator operating. Open symbols indicate
pressure surface, closed symbols indicate suction surface.

Figure II1.19. Variation of boundary layer shape factor with streamwise location.
Symbols as in Figure I11.18.

baseline airfoil. The presence of the hybrid actuator on the pressure surface of the airfoil leads to
a significant increase in 0* downstream of x/c = 0.15 (where 6* = 0.37 mm). The increase in 6*
at the next measurement station (0.13¢ downstream of the jet actuator orifice), is the result of the
formation of the recirculation domain that is associated with the trapped vortex. The effects of
this domain are present as far downstream as x/c =0.6. When the actuator is operating, the
extent of the recirculating domain is decreased and the magnitude of the displacement thickness
is reduced as higher speed fluid is drawn closer to the wall (cf. Figure II11.23b). Farther
downstream, 6* remains relatively unchanged at approximately 1.5 mm. The corresponding
displacement thickness of the boundary layer of the baseline airfoil increases monotonically up

to 0.74¢ before decreasing to =1.2 mm after full transition to turbulence.
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The state of the airfoil’s boundary layer can be assessed from the streamwise variation of its
shape factor H (Figure I111.19). The values upstream of 0.15¢ on both the top and bottom surfaces
are between 1.8 and 2.4, typical of a laminar boundary layer (recall that H is also affected by
surface curvature and effects of pressure gradient). There is significant variation in the shape
factor on the suction surface near 0.2c, where the boundary layer appears to undergo transition to
turbulence in the presence of the hybrid actuator. Downstream of 0.35¢, a nominal value of 1.5
is measured on the top surface for all three configurations and for both states (i.e., inactive and
active) of the hybrid actuator, indicating that the boundary layer downstream of the actuator is
turbulent. The shape factor for the pressure surface boundary layer of the baseline airfoil
increases monotonically to a level in excess of 3.5 before decreasing to approximately 1.5 near
0.8¢ indicating transition to turbulence. Therefore, it is expected that the friction drag of the

smooth airfoil is in fact somewhat lower than in the presence of the hybrid actuator.
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Figure I11.20. Cross-stream velocity distribution for a turbulent boundary layer scaled
to fit the universal law of the wall.

The wall friction coefficient Cr is computed from the measured velocity distributions. At
locations where the boundary layer is turbulent, Cr is determined using the method proposed by
Clauser (1954) as illustrated in Figure II1.20 which shows an example of a cross stream
distribution of the streamwise velocity (measured at x/c =0.38 on the suction surface of the
airfoil). The measured velocity profiles are scaled to fit the universal law of the wall for a
turbulent boundary layer using the wall velocity scale u. = [v (8u / dy).]'” and the length scale
yu./v. The wall friction coefficient is obtained from Cr=2(u, fU.,.)z. Values of Cy using the

local external velocity to the boundary layer U, are also computed. At locations where the
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boundary layer is laminar, the velocity distributions are fitted to a Falkner-Skan profile, from

which the wall friction coefficient is obtained.

0.008 4

10.006 -

Figure III.21. Variation of wall friction coefficient with streamwise location.
Symbols as in Figure I11.18.

The streamwise distribution of the wall friction coefficient Cy (normalized by the global free
stream velocity) is shown in Figure I11.21. On the suction surface (closed symbols), at x/c = 0.09
the boundary layer is laminar with Cy = 0.004. At the next downstream station (x/c = 0.23), Cy
of the baseline airfoil decreases because the laminar boundary layer continues to develop but
then increases (at x/c =0.38) upon transition to turbulence. As noted in connection with the
evolution of the shape factor (Figure II1.19) transition on the top surface in the presence of the
hybrid actuator occurs farther upstream, resulting in larger values of Cr at x/c =0.23. For
x/c > 0.35, Cy monotonically decreases as a turbulent boundary layer develops, for all three
configurations. On the pressure surface (open symbols), the boundary is laminar near the leading
edge for all three configurations, with Cy= 0.002. As noted in connection with Figure II1.19, the
boundary layer of the baseline airfoil remains laminar as far as 0.74c¢ and C; decreases
monotonically with x/c followed by transition and an increase in Cy to =0.004. In the presence
of the hybrid actuator, Cr decreases significantly downstream of the actuator near the
downstream edge of the recirculating flow domain (x/c = 0.35¢). When the jet is activated the
streamwise extent of the recirculating domain decreases and therefore the skin friction

coefficient downstream of x/c > 0.4 is somewhat lower than with the inactive actuator.

The skin friction drag Cpy is estimated from integration of the wall friction coefficient around the

airfoil. For the baseline configuration, where the boundary layer is laminar along much of the
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pressure surface, Cps=0.0058. In the presence of the hybrid actuator Cps=0.0081 when the
actuator is inactive and 0.0076 when the jet is activated. Combining the friction drag with the
pressure drag (§111.3.1) yields the total drag coefficient for the airfoil for the three configurations
tested here Cp = 0.0170 (baseline), 0.0192 (inactive hybrid actuator) and 0.0121 (jet actuation).
These results show that for Re. = 6.7-10°, the actuation leads to a reduction of 29% in the total

drag relative to the baseline airfoil and therefore to a 27% increase in L/D from 28.3 to 35.8.

ot
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Figure IIL22. Variation of C; with Reynolds number based on the boundary layer
momentum thickness. Symbols as in Figure I1I.18.

It is instructive to compare the dependence of the Cr . the wall friction coefficient (normalized by
the velocity external to the boundary layer) on Reg, (Reynolds number based on the momentum
thickness of the boundary layer), as shown in Figure I11.22. Also shown are the wall friction
coefficient for a Blasius boundary layer, and a correlation for the wall friction of a flat plate
turbulent boundary layer (Abbott and von Doenhoff 1959): C; = 0.306 ln(4.075Rea)'2. As
shown in Figure 111.22, the values of C; for the turbulent boundary layers on the surface of the
airfoil agree well with the correlation, except in the locations where the flow is not fully attached
(i.e., downstream of the actuator and near the trailing edge). When the boundary layer is laminar,
the data seems to have the same slope as for the Blasius boundary layer (n=-1), but C; is
slightly higher ostensibly as a result of the surface curvature and the favorable pressure gradient

(corresponding to Falkner-Skan boundary layers where > 0).

Finally, Figures 111.23a, b, and ¢ show sample cross stream velocity distributions in the pressure
surface boundary layer at x/c = 0.15, 0.35, and 0.46, respectively. The velocity and cross stream
coordinate are scaled by the local external velocity (Uesm) and displacement thickness (& ) of

the boundary layer of the baseline airfoil. Note that the velocity between the last valid data point
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and the wall is estimated using linear interpolation. Although the velocity distributions upstream
of the actuator orifice (Figure I11.23a), indicate that the boundary layer of each of the three
configurations is indeed laminar, the local external velocity varies significantly and is lowest for
the baseline airfoil. The inactive hybrid actuator results in a significant increase of the local

external velocity to 1.08 Uy, that is associated with the local reduction in pressure (cf Figures
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III.10a-c). The actuation of the jet results in an additional increase in the external velocity to
1.18 Ue sm that is apparently commensurate with the large suction peak downstream of the jet
(Figure 111.10c). Therefore the formation of the trapped vortex domain downstream of the
actuator leads to a local acceleration of the external flow and a reduction in the local static
pressure that, owing to the slope of the surface, contributes to a significant reduction in the
pressure drag (with minimal fractional reduction in lift). It is noteworthy that when the actuator
is inactive the extent of the recirculating flow domain is such that the low pressure domain
downstream of the actuator nullifies the effect of the reduced pressure upstream. The role of the
cross flow in the formation of the trapped vortex and the domain of reduced pressure is evident
from similar pressure measurements that were taken in the absence of the cross flow. These
measurements have shown that the local change in surface pressure when the jet is actuated at

the present momentum coefficient (Cy, = 2.05-10'3) is virtually immeasurable.

The velocity distributions in Figure I11.23b are measured 0.13¢ downstream of the actuator (the
distribution for the baseline airfoil at the same streamwise location is also shown for reference).
At this location, the external velocity in the presence of the hybrid actuator (inactive and active)
is somewhat lower than the corresponding speed over the baseline airfoil commensurate with the
increase in the local static pressure downstream of the actuator compared to the baseline (cf.
Figure II1.10). Evidently, the reduction in velocity induced by the inactive actuator is
considerably larger than when the actuator is active (which reduces the extent of the trapped
vortex). For this reason the pressure downstream of the actuator increases when the jet is
activated, resulting in a decrease in pressure drag. Further evidence for the pressure recovery is
shown in Figure I11.23c, where the external velocity downstream of the actuator is almost

identical to that of the baseline flow.
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IV. BIDIRECTIONAL TRAPPED VORTICITY ACTUATION

Concentrations of trapped vorticity on the pressure and suction sides near the airfoil’s trailing
edge are used for bidirectional variation of the pitching moment. With one actuator located on
the pressure surface near the leading edge (x/c=0.21) and another near the trailing edge
(x/c = 0.94) the pitching moment is varied continuously over a broad range of angles off attack
along with a concomitant reduction in pressure drag relative to the baseline airfoil. The
transitory effects associated with pulse modulated actuation are exploited to achieve changes in
the aerodynamic characteristics that are similar to continuous (unmodulated) actuation at
substantially lower actuation power. Modulated actuation is most effective at modulation
frequencies that are commensurate with instabilities of the near wake. The present

measurements are conducted at a Reynolds number of 1.0-1 0°.
IV.1 Continuous Actuation

The effects of continuous (unmodulated) actuation on the pressure distribution around the airfoil
is shown in Figure IV.1 for a = 4° (Re. = 1.0‘]06). The pressure distributions are shown for the
baseline (smooth) airfoil and the airfoil with both actuators installed in the absence and presence
of actuation. It is noteworthy that due to the sweep of the airfoil the flow does not fully stagnate
at the leading edge and as a result the maximum pressure coefficient is on the order of 0.8. The
effects of the inactive hybrid actuators on the pressure surface on circulation and therefore lift
may be thought of as similar to the changes that are associated with the presence of a small
trailing edge flap and a leading edge slat or as a change in the effective camber. This is
illustrated by the fact that the presence of the actuators results in an increase in pressure of
AC, = 0.15 on the pressure surface between the actuators and a comparable decrease in pressure
across nearly the entire suction surface. The flow accelerates upstream of the front actuator
resulting in a local monotonic decrease in pressure between 0.08 <x/c <0.18. A domain of
(recirculating) trapped vorticity forms downstream of the actuator resulting in a substantial
reduction in pressure between 0.18 <x/c <0.25. Similarly, the downstream actuator near the
trailing edge induces a reduction in pressure upstream of the jet orifice in addition to a decrease

in the pressure at the trailing edge (cf. DeSalvo, Amitay, and Glezer 2002).

Continuous operation of both upstream and downstream actuators results in significant alteration

of the pressure distribution in the vicinity of each actuator, with relatively little effect on the
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Figure IV.1. Pressure distribution around the airfoil for a = 4° and Re. = 1.0-10°. (—)
Baseline, (®) Actuators not operating, (%) Both actuators operating.

pressure distribution elsewhere on the airfoil (Figure IV.1). A domain of very low pressure is
formed near the upstream actuator with a local minimum near the jet orifice where Cp=-0.7
suggesting an increase in the flow acceleration compared to the unforced flow. Immediately
downstream of the actuator, the pressure increases as the trapped vortex diminishes in size due to
the reattachment of the separated flow. Between 0.28 <x/c <0.50, the pressure due to the
actuation is slightly lower when the actuator is inactive but farther downstream this difference
vanishes. The downstream actuator effects a local suction peak with a local pressure minimum
Cp=-0.5. The pressure downstream of the actuator and at the trailing edge increases by
4Cy=0.15, leading to a pressure increase on the suction surface near the trailing edge that
extends as far upstream as x/c = 0.6 when the actuator is operating. These data show that the
changes in pressure that occur due to the operation of either actuator are predominantly local,

and it was also shown that the effects of the actuators are relatively independent.

The effects of the actuation on the lift and pressure drag coefficients at various angles of attack
are shown in Figures IV.2 and IV.3, respectively for the baseline airfoil and in the presence of
the inactive actuators and when either actuator or both are operational. The inactive actuators
lead to an increase in lift compared to the smooth airfoil where the lift increment is nearly
constant at AC. = 0.13 for &< 6°. When the downstream actuator is active, the lift increment
decreases to 4Cy. =0.09 (relative to the smooth airfoil) regardless of whether the upstream
actuator is operational. Perhaps the most important feature of the data in Figure IV.3 is that
when both actuators are operational, there is still a net increase in lift of 15% at &= 6° relative to

the baseline. When the actuators are inactive, the pressure drag increases by 30% (at o= 6°)
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Figure IV.2. Variation of C\. with angle of attack. (—) Baseline, (®) Both actuators not
operating, (A) Upstream actuator only operating, (V) Downstream actuator only
operating, (¢) Both actuators operating.
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Figure IV.3. Variation of Cpp with angle of attack. Symbols as in Figure IV.2.

relative to the baseline. However, when the upstream actuator (alone) is operating the pressure
drag decreases by ACp, = 0.005 and is quite close to the drag of the baseline airfoil. When the
downstream actuator alone is active, the drag for a>4° is less than the drag of the baseline
(smooth) airfoil and the magnitude of the drag reduction increases with a. The drag reduction is
largest when both actuators are operational and it varies from 4Cpp=0.005 at a=2° to
ACp,=0.014 at o= 8°. Therefore, the increase in lift and the corresponding decrease in drag

lead to an increase in L/D,, by a factor of 2.6 at a = 6°.

The pressure drag polar shown in Figure IV 4 is for the three actuation conditions. For a given
C, operation of either actuator reduces the pressure drag, while operation of both actuators gives

the greatest drag reduction and similarly, for a given Cp,, there is an increase in lift when
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Figure IV.4. Pressure drag polar. Symbols as in Figure IV.2.
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Figure IV.5. Variation of Cy with angle of attack. Symbols as in Figure 1V.2.

actuation is applied. For the trailing edge actuator, the pitching moment about ¢/4 (Figure IV.5)
increases monotonically with . When the downstream actuator is inactive, Cy; becomes more

negative by AC,, =—0.03 due to the increased pressure and suction on the bottom and top

surfaces near the trailing edge. Operation of the downstream actuator reduces the decrement to

AC,, =—0.015relative to the baseline airfoil. As shown by DeSalvo, Amitay and Glezer (2002),

variation of the actuator’s momentum coefficient can yield continuous, monotonic change in the

pitching moment.
IV.2 Pulse Modulated Actuation

In order to realize the aerodynamic improvements at lower actuation power compared to

continuous actuation, it is desirable to utilize pulse-modulated actuation and rely on the global
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Figure IV.6. Power spectrum of wake 0.25¢ downstream of trailing edge. (a) Upper
wake, (b) Lower wake. Actuator not operating is shown in black, continuous downstream
actuation in red.

convective time constant of the coupled airfoil/flow system (e.g., Amitay and Glezer 2002) and
coupling to the instability of the near wake. The range of receptive wake frequencies (in the
absence of stall) is assessed from spectra of the streamwise velocity measured using hot wire
anemometry near the upper and lower edges of the wake (Figures I'V.6a and b, respectively) at a
distance of 0.25¢ downstream of the trailing edge. The unforced spectrum near the top edge
shows a discernible frequency band between 150-500 Hz, corresponding to Strouhal numbers
(based on the airfoil chord) of 4.1-10 and reduced frequencies based on the characteristic scale of
the actuator within the range 0.1-0.2. When the downstream actuator is active, the frequency
band vanishes and the spectrum becomes featureless. However, it is remarkable that the
response of the pressure surface side of the wake (Figure IV.6b) is different, and the actuation
results in an overall reduction in the magnitude of the spectral components and the appearance of
a frequency band between 250-600 Hz which is somewhat higher than in the absence of
actuation (note also the spectral peaks at the actuation frequency and its higher harmonics within
the dissipation range). As shown in Figure 1V.12, below, the wake becomes narrower and, the
velocity deficit decreases thereby suggesting that its unstable frequency band is somewhat higher.
In what follows, pulsed-modulated actuation is at modulation frequencies foq4 that are within the
receptive band of the wake. The pulse repetition rate is variable, and the pulse duration and
phase are adjusted so that the beginning and end of every pulse coincide with zero crossings of

the actuator resonance waveform.
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Figure IV.7. Variation of Cy. with duty cycle. Upstream actuator (a) inactive, (b) active.

Downstream actuator pulse modulated at St = 0.8 M), 1.7 (®), 2.7 (A ), 4.2 (V) 6.7 (),

13.3(*).
The variation of the lift coefficient with pulse duration and several repetition (modulation)
frequencies of the downstream actuator at a = 4° (Re. = 1.0-106) when the upstream actuator is
inactive is shown in Figure IV.7a. The lift coefficient is largest when the downstream actuator is
inactive, and decreases monotonically with increasing pulse duration (continuous actuation is
achieved when the duty cycle is 1). At the lowest modulation frequency St = 0.8 (corresponding
t0 fmoda =50 Hz), the lift coefficient decreases almost linearly with pulse duration from
Ci. = 0.6393 until it reaches a minimum of Cy. = 0.6039 at a duty cycle of 0.9 that is only slightly
lower than the level of Cp. under continuous actuation. At higher modulation frequencies, the
initial rate of decrease of Cy. becomes larger and then the rate decrease diminishes. The lowest
initial level of Cy. is attained when the modulation frequency is St = 6.7 which is near the peak of
the unstable frequency range of the near wake and the duty cycle is 0.25. It is important to note
that at St=6.7, the value of Cy is lowest at a duty cycle of 0.9, with a corresponding
4CL =—0.04 relative to the unforced condition, and that C has approximately the same value at
a duty cycle of 0.25 as under continuous actuation. These variations in lift remain almost
unchanged when the upstream actuator is operational (continuously) as shown in Figure IV.7b.
These data show that the effect of the upstream actuator on the sensitivity of the lift to pulse
modulation by the downstream actuator is minimal (the variation in lift when the upstream

actuator is activated is no more than 4C; = £0.005).

The corresponding variation of pressure drag coefficient Cp, with modulation frequency and

duty cycle is shown in Figures 1V.8a and b in the absence and presence of upstream actuation,
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Figure IV.8. Variation of Cp, with duty cycle. Upstream actuator (a) inactive, (b)
active. Symbols as in Figure IV.7.

respectively. The trends are similar to the data in Figures IV.7a and b. At low modulation
frequencies, Cp, decreases monotonically with increased duty cycle; as the modulation
frequency is increased, Cp, decreases with modulation frequency. The lowest drag is attained at
a reduced modulation frequency of St = 6.7, with a decrease of 4Cp, = 0.009 at a duty cycle of
0.25. It is important to note that the pressure drag at this actuation condition is almost the same
as that of the airfoil with continuous (non-pulsed) actuation, which is also approximately equal to
the pressure drag of the smooth (baseline) airfoil. Unlike the variation in lift, when the upstream
actuator is activated the pressure drag decreases by 4Cpp = 0.006 (Figure IV.8b), regardless of
the operating condition of the downstream actuator. At Sr= 6.7 and a duty cycle of 0.25, the
pressure drag is reduced to Cpp = 0.003, in comparison to the baseline airfoil pressure drag of
Cpp =0.009. Increasing the duty cycle to 0.9 reduces the pressure drag even further to
Cpp=0.0017. Compared to continuous actuation of both actuators, with Cp, = 0.0033, pulsed
modulation of the downstream actuator at a duty cycle of 0.25 (i.e., 25% of the actuation power
with the downstream actuator) and St = 6.7 with the upstream actuator operating (continuously)
results in Cpp = 0.0045.

Similarly to Figures IV.7 and 1V.8, the variation of the spanwise moment coefficient (about c/4)
with duty cycle and actuation frequency is shown in Figures IV.9a and b. Continuous operation
of the trailing edge actuator leads to a change of 4Cy =+0.017 relative to the unactuated
condition, and pulsed actuation at low modulation frequencies causes Cy to increase
monotonically with duty cycle. As the modulation frequency is increased, the moment

coefficient becomes less negative for a given duty cycle. The greatest increase in Cy occurs at
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Figure IV.9. Variation of Cy with duty cycle. Upstream actuator (a) inactive, (b) active.
Symbols as in Figure IV.7.

St=6.7, for which actuation at a duty cycle of 0.25 gives approximately the same Cy as
continuous (unmodulated) actuation. A further increase of 4Cy = +0.004 can be realized using
actuation at a duty cycle of 0.9. Similar to the lift coefficient, activation of the upstream actuator
results only in minor change in Cy, as shown in Figure [V.9b because the upstream actuator is

located near x/c = 0.25.
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Figure IV.10. Pressure distribution for o = 4° and Re. = 1.0-1 0°. (a) Global view, (b)

detail view. Downstream actuation (®) Continuous, (&) St = 1.7 and 25% duty cycle,

(V) St=06.7 and 25% duty cycle, (%) St = 6.7 and 75% duty cycle.
The effect of modulated actuation of the downstream actuator on the pressure distribution around
the airfoil (with the upstream actuator inactive) is shown in Figure IV.10. For St = 6.7 and duty
cycle 0.25, the pressure distribution is nearly identical to that of the airfoil with continuous
(unmodulated) actuation, particularly near the trailing edge as shown in detail in Figure 1V.10b.
As a result, the aerodynamic forces and moments are similar in these cases. Compared to the
case of continuous actuation, operating the actuator at St=6.7 and duty cycle 0.9 causes the

pressure minimum near the actuator orifice to strengthen by 4C, =-0.2, leading to additional
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flow acceleration upstream of the orifice. Downstream of the actuator and near the trailing edge
there is a small pressure rise of 4C, = 0.02, in addition to a small pressure increase on the suction
surface between the trailing edge and 0.85¢c. These changes constitute an enhancement of the
effects of continuous actuation, leading to an additional reduction in Cp,, decrease in Cy, and
increase in Cy. By comparison, actuation at St = 1.7 and duty cycle 0.25 generates a weaker low
pressure domain near the orifice, resulting in smaller changes in the aerodynamic characteristics

as shown in Figures IV.7-9,
IV.3 Circulation Measurements

An analysis of the temporal variation of the aerodynamic characteristics of the airfoil under
pulse-modulated and continuous actuation waveforms is conducted using phase-averaged
particle image velocimetry (PIV) measurements in the near wake. The phase-averaged velocity
field measures 90 x 90 mm and is centered immediately below the trailing edge of the airfoil
~0.05¢ downstream of the trailing edge. These data are used to compute concentrations of the
spanwise vorticity w. and thereafter the integral of the vorticity flux across the wake to obtain the

global time rate of change of circulation:

d].-‘ — -~
—={Jw.(vV-n)dl
a ¢

It is noted that although the integration path C typically surrounds the entire airfoil, the spanwise
vorticity normally vanishes everywhere except within the wake. The circulation itself can be

obtained from a second integration step.

Figure IV.11 shows the variation of circulation with time when continuous actuation is activated
and deactivated at o =4° and Re.=1.0-10° (time is scaled by the convective time scale of the
airfoil, t” = t/z, where t = ¢/U,, and the circulation is scaled by Ux'c/2). Continuous actuation is
initiated at /" = 0 and terminated at ¢” = 2.4; this is done to provide adequate time for the flow to
settle following the change in actuation state. After the initiation of actuation, there is a small
increase in the circulation of the airfoil at + =0.1 followed by fluctuations, and the primary

change in between the unactuated and actuated states begins at ¢ = 0.25, in which the (scaled)

circulation changes by A" =—0.034. This change in circulation occurs over a time interval of

approximately 7, and is followed by minor fluctuations that decay over the next convective time
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Figure 1V.11. Variation of circulation. Continuous actuation of downstream actuator
beginsatt = 0andendsatt = 2.4.

scale. It is noteworthy that the change in scaled circulation is approximately equal to the change
in C; between the two states (cf. Figure IV.7), using I = C; for a nominally steady flow.
However, it is clearly not possible to relate the changes in circulation to the unsteady lift during
the transient period using the steady formulation. Approximately 0.257 after the termination of
actuation (#” = 2.4), there is another small change in the circulation, followed by a very rapid rise
over 0.17 to a level that is 0.01 greater than the scaled circulation for the airfoil without actuation.
The circulation returns to its value for the unactuated airfoil within r of the termination of
actuation. As shown in §IV.1, the actuation also results in substantial reduction in drag. These
changes are also apparent in the wake where the maximum velocity deficit is reduced by 13%
(0.1Ux) and the wake width decreases by ~10% as a result of the actuation (Figure 1V.12). At

the same time, the upward shift in the wake is commensurate with the small reduction in lift.

In general, activations and deactivations of the trailing edge actuator separated by relatively long
settling times generate circulation transients of duration 1-27 after which I"” settles to a steady
state value. Within the transients, the most rapid circulation changes occur during an interval of
duration 0.1-0.257, which is also in the range of the period associated with the wake receptivity
as discussed in connection with Figure IV.6 in §IV.2. These results suggest that it might be
possible to drive the transitory changes in actuation (using pulse modulation of the trailing edge
actuator on the same timescale as the observed circulation) and thereby couple them to the
instability of the near wake so that the desired changes in circulation can be attained at lower

actuation power.
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Figure IV.12. Cross-stream velocity profiles of wake. Symbols as in Figure IV.2.
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Figure IV.13. Time variation of circulation. Downstream actuation at St = 1.7 and duty
cycle (a) 0.25, (b) 0.75 beginning at t* = 0 and ending at t* = 3.0.

The variation of circulation following the initiation (at = 0) of pulsed modulated actuation of
the trailing edge actuator (a = 4° and Re. = 1.0-1 0°) for Stmea = 1.7 at duty cycles of 0.25 and 0.75
are shown in Figures IV.13a and b, respectively. In Figure IV.13a (duty cycle 0.25), the actuator
is active for 0.157 and the circulation decreases rapidly following each modulation pulse. When
the actuator is inactive (0.45t), the circulation fluctuates in a manner that is similar to the
variation following actuator termination shown in Figure IV.11. Following the initial pulse the
circulation changes by AI™" =—0.022 before rising and in subsequent pulses the circulation
varies by as much as A7™" = (.03 indicating that there is a longer, global time scale over which
the circulation adjusts over the entire airfoil. Following the termination of the modulation pulse
train at /= 2.55, there is a transient change in circulation over the next 0.9z that is comparable to
the changes following the termination of unmodulated actuation as shown in Figure IV.11.

When the duty cycle is increased to 0.75 (Figure 1V.13b), the actuator is active for 0.451 and
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inactive during the next 0.15z. It is noteworthy that the nominal change in circulation during
each modulation pulse increases slightly with time over the first 2-3 pulses and the circulation

increases rapidly and briefly (for ~0.27) between pulses.
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Figure 1V.14. Time variation of circulation. Downstream actuation at St = 6.7 and duty
cycle 0.25, beginning at t* = 0 and ending at t* = 3.0.
The response of the circulation is remarkably different when the modulation frequency is within
the receptive band of the near wake. Figure I'V.14 shows the effects for Stmeq = 6.7 at duty cycle
0.25 (period of 0.157). This is the modulation frequency for which pulse modulation at duty
cycle 0.25 results in nearly the maximum aerodynamic performance at reduced power level. At
this duty cycle the circulation oscillates at the modulation frequency but the oscillation amplitude

is lower than the full excursion that shown in Figure IV.13 (Sty04 = 1.7) and the nominal mean

fort">1.51is A" =—0.025. As shown in Figure IV.7, the actuation causes the time-averaged
lift coefficient to change by 4C; =—0.035. These data suggest that by exploiting the interaction
of the transients with the flow near the trailing edge it should be possible to tune the modulation
frequency such that the amplitude of the oscillating circulation becomes even lower and virtually

time-invariant.

The effect of the modulation frequency on the structure of the wake is determined from the time-
dependent magnitude and the corresponding cross stream elevation of the maximum velocity
deficit (at 0.05¢ downstream of the trailing edge) as shown in Figures IV.15a-f. When the
actuation waveform is unmodulated (Figures IV.15a and b), the onset of the actuation at 1" =0

results in a large transitory overshoot deficit decrease from 0.78U, to 0.55U, which settles
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Figure IV.15. Time variation of maximum velocity deficit (a, c, ) magnitude and (b, d, f)
location. (a, b) Continuous actuation between t* = (0 and t* = 2.4; (c, d) St = 1.7 and
25% duty cycle; (e, f) St = 6.7 and 25% duty cycle.
within 1.5z. Upon termination of the actuation at t"=2.4, there is another transitory change
followed by a settling period that occur on timescales similar to those found during the activation

transient. The corresponding time-dependent cross stream elevation of the maximum deficit

scaled by the width of the wake (Jy) in the absence of actuation (Figure IV.15b) shows that

following the onset of actuation the wake to moves up (i.e., closer to the trailing edge), by
A/ ()w) =0.15. When the actuator is deactivated, the wake returns to its original elevation.
The time-series of the maximum deficit and its elevation when the actuation waveform is pulse

modulated is striking. In Figures IV.15¢-d and e-f, the duty cycle is 0.25 and the modulation
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frequencies are St=1.7 and 6.7, respectively. These data clearly demonstrate that as the
modulation frequency approaches the locally unstable wake frequency, the magnitude of the
oscillations diminishes significantly and the maximum velocity deficit seems to be “locked” to
the state that is normally achieved by continuous actuation (e.g., Figure IV.15a). Furthermore,
the magnitude of the nominally invariant maximum velocity deficit during the actuation is
actually lower (0.62U..) than when the actuation is continuous (0.66U.) and the settling time

appears to be shorter.
IV.4 Bidirectional Actuation

The use of two actuators located near the trailing edge of the airfoil enables the pitching moment
to be continuously varied across a range of values while simultaneously leading to a reduction in
pressure drag. These effects are enhanced substantially through the use of pulse modulated
operation of both actuators. The effects of activation and deactivation of the actuator (as
occurring during pulse modulated actuation) on the nearby vorticity field are investigated,
indicating how the creation and manipulation of trapped vorticity near the actuator leads to
changes in the airfoil aerodynamic characteristics. The orifice of the pressure surface actuator is
located at x/c = 0.95, and the suction surface actuator is tested at x/c = 0.55, 0.75. 0.90, and 0.95.

Experiments in this section are conducted at a Reynolds number of Re. = 1.0-10°.

0.00 4 o A

0s 08 07 o8 08 10
(x/c),

Figure 1V.16. Variation of Cy with (x/c)s. (®) Unactuated, (A) Pressure surface
actuator operating only, (¥) Suction surface actuator operating only, (4) Both
actuators operating, (—) Baseline.
The variations in pitching moment (computed from pressure distributions) at @ = 4° are shown in
Figure IV.16 when the pressure surface (PS) and suction surface (SS) actuators are

simultaneously inactive, and individually and simultaneously active. The coupling between the
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Figure IV.17. Variation of C. with (x/c)s. Symbols as in Figure IV.16.
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Figure 1IV.18. Variation of Cpp with (x/c)s. Symbols as in Figure IV.16.

PS and SS actuators is evident by the general increase in Cy as the SS actuator is moved closer to
the trailing edge. Compared to the smooth airfoil (which has a downward pitching moment
shown with a dashed line). the pitching moment induced by the PS actuator becomes almost
positive (Cy = 0.003) with the SS actuator at (x/c)s =0.90 where the moment increments
between the PS and SS actuators relative to the smooth airfoil are largest (within the investigated
range) namely, 4Cy = 1.10Cy, and —0.75Cy,, respectively. Note that simultaneous PS and SS
actuation results in a net pitching moment that is almost the same as for the smooth airfoil. The
range of the actuation ACy decreases slightly when the SS actuator is placed at 0.95¢, ostensibly

as a result of the decrease in the size of the trapped vorticity concentration.

The corresponding changes in lift and pressure drag are shown in Figures IV.17 and IV.18,
respectively. It is remarkable that the presence of the SS actuator at (x/c); = 0.55 results in an

increment of AC; = 0.20 relative to the baseline, and simultaneously in a substantial increase in
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pressure drag ACp = 0.015 in the absence of actuation. These effects diminish as the SS actuator
is moved downstream. It is noteworthy that when only the SS actuator is active, the overall
pressure drag is almost invariant regardless of the actuator’s streamwise position while operation
of the PS actuator results in pressure drag that is almost the same as the baseline for (x/c)s =0

and 0.95. Although Cy can be varied across a wider range of values with the actuator at 0.90¢
than at 0.95¢, the drag penalty due to operation of the suction surface actuator is less with the

actuator at 0.95¢; this is particularly true at higher angles of attack, as shown in Figure IV.22b.
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Figure IV.19. Pressure distribution around airfoil at o = 6° and (x/c)s = 0.95. (a)
Global view, (b) trailing edge detail. Symbols as in Figure IV.16.

Pressure distributions around the airfoil at a = 6° and (x/c); = 0.95 (Figure IV.19) show that the
operation of the pressure surface actuator leads to a pressure increase at the trailing edge of
4C,=0.1 that extends to the opposite surface and therefore leads to a pitch-up moment
increment. Similar changes in the pressure distribution occur when the suction surface actuator
is operated, producing an opposite, nose-down pitching moment. It is evident that the trapped
vorticity concentrations induced by the actuation result in a region of low pressure near the
trailing edge that accelerates the flow along both the pressure and suction surfaces of the airfoil.
Operation of either actuator causes induces a domain of very low pressure in the immediate
vicinity of the actuator, accompanied by an increase in pressure downstream of the actuator and
at the trailing edge. As a result, the Kutta condition is manipulated so that the flow on the
opposite surface from the operating actuator (around the trailing edge) decelerates, leading to
increased pressures and a corresponding pitching moment (cf. Figure IV.16). A further
contribution to the pitching moment comes from the reduced pressure immediately upstream of

the actuator that is created when the actuator operates.
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Figure IV.20. Variation of Cy with a for (x/c)s = (a) 0.90c, (b) 0.95c. Symbols as in
Figure IV 16.

Given the sensitivity of Cy to actuator location (cf. Figure IV.16) and in particular the decrease
in drag near the trailing edge, the variation of Cy with angle of attack (—2° < @<9°) was
measured at (x/c)s = 0.90 and 0.95 (Figures 1V.20a and b, respectively) for the baseline airfoil
and in the presence of the inactive and active actuators. The overall trends are similar at both
locations. To begin with, in the absence of actuation Cy decreases with & while Cy, (for the
smooth airfoil) increases with « indicating that the inactive actuators renders the airfoil slightly
more stable as evidenced by the change in dCy /da compared to the smooth airfoil. When either
one of the actuators (PS or SS) is active, Cy varies only slightly with &z However, while the
moment difference between these actuation conditions is also relatively invariant with
o (4Cv=0.047 and 0.058 for (x/c)s=0.95 and 0.90, respectively), the moment increments
induced by PS and SS actuation relative to the unactuated airfoil monotonically decrease and
increase, respectively as « increases. For instance, at (x/c)s = 0.95 and a = 8°, 4Cy (with respect
to the unactuated condition) for PS and SS actuation has respective values of +0.038 and —0.009.
The ranges of Cy values that are achievable using actuation alone allow the moment coefficient
to be varied between approximately the value of the smooth (unactuated) airfoil and a value
corresponding to a (small) nose-up pitching moment. Simultaneous operation of both actuators
produces a 4Cy (with respect to the unactuated condition) of an amount nearly equal to the
combination of the 4Cy values of the individual actuators, indicating that the effects of the PS

and SS actuators on Cy are independent of each other.

The corresponding effects of the actuation on the lift and pressure drag coefficients each

measured at (x/c)s=0.90 and 0.95 are shown in Figures IV.21a and b and IV.22a and b,
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respectively. Compared to the unactuated airfoil, operation of either actuator leads to a relative
lift increments of ACy = 0.1 and 0.12 for (x/c); = 0.9 and 0.95, respectively, over the range of
angles of attack tested. It is noteworthy that compared to the smooth airfoil, at low a the lift is
reduced primarily by the PS actuator while at high « the lift increases mostly by the SS actuator
such that dCy / da increases when either actuator is operational. The changes in pressure drag
induced by the actuation are shown in Figure IV.22. The presence of the inactive actuators leads

to an increase in the cross stream width of the near wake resulting in a substantial increase in Cp,
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Figure 1IV.21. Variation of Cp with a for (x/c)s = (a) 0.90c, (b) 0.95¢c. Symbols as in
Figure IV.16.
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Figure 1V.22. Variation of Cpp with a for (x/c)s = (a) 0.90c, (b) 0.95¢c. Symbols as in
Figure IV.21.

(50-100% relative to the smooth airfoil). However, as shown in the earlier work of DeSalvo and
Glezer (2004), operation of the PS actuator can lead to a significant reduction in pressure drag
which increases in magnitude with a relative to the smooth airfoil. For example, at a = 6°, the
pressure drag decreases by 21% when the SS actuator is inactive and increases by 17% when the

SS actuator is active (the latter increase is accompanied by an increase in . and a nose down
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pitching moment). While the distributions of Cp, at (x/c)s =0.90 and 0.95 during operation of
the PS and SS actuators are similar, SS actuator operation with (x/c)s = 0.90 induces a pressure
drag increase of up to 33% compared to only 17% at (x/c)s = 0.95; however, the greater drag

penalty is offset by a larger range of Cy values that can be achieved with (x/c)s = 0.90.
IV.4.1 Effects of Transitory Actuation

The earlier works of Amitay and Glezer (2002 and 2006) demonstrated that the aerodynamic
performance of separated flows that are typically controlled by continuous actuation can be
substantially improved by actuation of transitory vortical structures using pulse-modulated
actuation. The modulating frequency of the actuation waveform fnoq is related to the global
convective time scale of the flow. Recently, DeSalvo and Glezer (2006) showed that this
approach can also be applied for trapping and regulation of vorticity concentrations at low angles
of attack when the baseline flow is fully attached. In particular, when the modulation frequency
was coupled to an instability of the near wake, improved aerodynamic performance (e.g.,
reduction in pressure drag) could be achieved at substantially lower actuation power. These
effects were investigated over a broad range of operating conditions in the context of the present

work.

The transitory aerodynamic performance of the airfoil is first characterized using step- and pulse-
modulation of the actuation waveform. The evolution of the flow field near the trailing edge is
assessed from phase-averaged particle image velocimetry (PIV) where the field of view
measures 140 x 140 mm and is centered about a location 0.05¢ downstream of, and at the same
vertical position as, the trailing edge. These data are used to compute the spanwise vorticity
concentrations @, and thereafter the integral of the vorticity flux across the wake to obtain the

global time rate of change of circulation dr/dt=§e,(v-n)dl. It is noted that although the

integration path C typically surrounds the entire airfoil, the spanwise vorticity normally vanishes
everywhere except within the wake, and thus the time rate of change of circulation for the entire
airfoil can be deduced from an analysis of the wake. The circulation itself is obtained by

integration.

The temporal evolution of the near wake following a switch between the two actuators (i.e., step
deactivation of the PS actuator and simultaneous step activation of the SS actuator) is inferred

from a series of phase-averaged cross-stream distributions of streamwise velocity and spanwise
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Figure IV.23. Wake profiles following transition from pressure surface to suction

surface actuation at t/teony = 0: (a) streamwise velocity, (b) spanwise vorticity.

vorticity measured 0.09¢ downstream of the trailing edge at a =4° (Figures IV.23a and b,

respectively).

Before the PS actuation is terminated (at t/tcony =0, where teony = ¢/U, is the

characteristic convective time scale) and while the SS actuator is inactive, the wake has a

nominal width of 0.09¢ and maximum velocity deficit of 0.63U.. The simultaneous respective

activation and deactivation of the SS and PS actuators leads to a brief, upward tilt of the wake

(dy = +0.005¢ between t/1cony = 0 and 0.15), followed by broadening of the lower segment of the

wake. It is noteworthy that while initially (#/7cony = 0) the cross stream distribution of spanwise

vorticity (Figure IV.23b) is almost symmetric about the wake centerline (even though the bottom,

PS actuator is active), the wake tilt and broadening are accompanied by a reduction in the

magnitude of the CCW (negative) vorticity layer associated with the pressure side of the airfoil
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that is followed by a substantial increase in concentration of CCW vorticity at /7cony = 0.21 as
vorticity trapped by the PS actuator is released and shed into the wake. At the same time,
following the activation of the SS actuator, it appears that flux of CW (positive) vorticity from
the suction surface is momentarily reduced indicating accumulation downstream of the actuator
and is indicative of an increase in lift (cf. Figure IV.21). During these changes in vorticity
concentrations, the wake tilts toward the pressure surface by as much as 4y = —0.035¢ (relative to
the cross stream position at #/zcony = 0) at #/7cony = 0.27. Subsequently, the wake begins to recover
from the transients associated with the change in actuation, tilts upward, regains its symmetry,
and the vorticity fluxes from the top and bottom surfaces of the airfoil become approximately
equal. In its final stable form, as shown at #/7cony = 0.63, the wake is displaced toward the
pressure surface by Ay =—0.020c relative to its cross stream position at /zcony = 0 and has the

same nominal width.
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Figure IV.24. Circulation. Actuation changing from (a) pressure surface to suction
surface, (b) suction surface to pressure surface.

Transitory changes in the normalized circulation around the airfoil I'" = I'/ (Ua-c/2) (calculated
from the vorticity flux) when the actuation is switched between the PS and SS actuators are
shown in Figure 1V.24. When the actuation is switched from the PS to SS actuators (Figure
1V.24a), the rise in circulation is preceded by a small decrease at #/7cony = 0.12 which occurs as a
result of a momentary accumulation of CCW vorticity near the PS actuator while shedding of
CW vorticity from the suction side continues (cf. Figure IV.23b). Subsequently, a significant
concentration of accumulated CCW vorticity is shed and there is a decrease in the CW vorticity
(cf. Figure IV.23b), which result in an increase in circulation beginning at #Tconv = 0.21 over a

period of 0.15 %y and an overshoot of 32% relative to the final stationary level. When the
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Figure IV.25. Vorticity fields following initiation of actuation at t/Teony = 0: Vieony = (a-
h) 0, 0.03, 0.06, 0.12, 0.18, 0.30, 0.42, 0.54. Clockwise vorticity is indicated in blue,
counterclockwise vorticity in red.

actuation is switched from the SS to the PS actuators (Figure IV.24b), the drop in circulation and
corresponding decrease in lift is preceded by an initial increase in circulation suggesting an
initial increase in trapped CW vorticity (a similar rise was observed by Amitay and Glezer 2006
during the termination of actuation for an airfoil at post-stall angle of attack). The initial
increase is followed by a large transitory reduction in circulation as a result of accumulation of
CCW vorticity by the PS actuator before the circulation settles to a lower stationary level. The
circulation undershoot and overshoot and some oscillations that follow the primary transition in

circulation may be coupled to a near wake instability having a characteristic period of 0.15 Zony
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(cf. DeSalvo and Glezer 2006, 2007). The overall change in the level of the scaled circulation
(AI" =0.082, ie. 0.19Co) between the two stable actuation conditions corresponds
approximately to the change in C; (cf. Figure 1V.21), assuming that I"" = C;, for nominally steady
flow (though I" does not correspond with the variation of unsteady lift during the transient

period).

Figure IV.26. Wake vorticity map at t/teony = 0.12 following onset of suction surface
actuation. Colors as in Figure IV.25. Mark at left denotes trailing edge of airfoil.

The effects of the initiation of actuation on the flow field in the immediate vicinity of the suction
actuator are shown in the maps of vorticity concentrations (Figure IV.25) that are measured
phase-locked to the actuation waveform (the imaged field measures 32 x 32 mm, and the
magnification is 33 pum/pixel). It should be noted that the cross stream height of the turbulent
boundary layer upstream of the actuator orifice (located at x/c = 0.95) extends well above the top
end of the image and therefore the CW (blue) vorticity layer above the surface upstream of the
actuator extends through the top edge of the frame. Prior to the onset of actuation (at #/zcony = 0),
there is a layer of CW vorticity that is detached from the wall downstream of the actuator orifice
(Figure 1V.25a) and is accompanied by a recirculating flow (trapped vorticity) domain that
produces a thin layer of CCW (red) vorticity along the wall. At /7cony = 0.03 (Figure 1V.25b),

the activation of the actuator disrupts the separated layer and leads to the shedding of a
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Figure IV.27. Vorticity fields following termination of actuation at t/tcony = 0: /teony =
(a-f) 0, 0.03, 0.06, 0.09, 0.15, 0.21. Colors as in Figure IV.25.

concentration of CW vorticity as shown in the vorticity map of the near wake (at #/zcony = 0.12) in
Figure V.26, which consequently results in a momentary reduction in lift (cf. Figure IV.24a). A
counterrotating vortex pair forms near the actuator orifice, as seen at #zcon = 0.06 (Figure
IV.25¢) and begins to propagate downstream while farther downstream (Ax = 0.025¢
downstream of the actuator) the remnants of the separated vorticity layer (that was present at
/Tcony = 0) are shed into the wake. A portion of the CW vorticity produced by the actuator
remains attached to the wall (#/7cony = 0.12; Figure IV.25d), reducing the size of the vorticity
domain downstream of the actuator and leading to an overall rise in (time-averaged) vorticity
concentrations near the actuator. The CCW vortex induced by the actuator has diminished in
strength and advected above the considerably stronger CW vortex, which is relatively close to
the wall. Continued operation of the actuator causes additional vortex pairs to form at the
actuator and persist briefly before they are advected downstream. As a result of the actuation,
the flow near the trailing edge is turned toward the airfoil surface while CW vorticity

concentrations are shed into the wake (Figures IV.25e-h).
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Figure IV.28. Wake vorticity map at t/teony = 0.27 following termination of suction

surface actuation. Colors as in Figure IV.25. Mark at left denotes trailing edge of

airfoil.
Similarly, Figure IV.27 shows the evolution of the vorticity field following the rerminarion of
actuation on the suction surface (Figure IV.27a). The separated vorticity layer downstream of
the actuator begins to reform at #/7¢ony = 0.03 (Figure IV.27b) and becomes more apparent by
1/Tconv = 0.06 (Figure IV.27¢); however, it has not yet stabilized, as indicated by the interruption
downstream of the actuator orifice. During this time the separation point (located near the point
where the sense of the wall vorticity changes) remains in the same approximate location. By
U/Tconv = 0.09 (Figure 1V.27d) the concentration of CW vorticity downstream of the interruption
has started to detach from the wall, while the separation point along the wall moves upstream.
The vorticity concentration propagates downstream, becomes detached from the wall by
U/Teonv = 0.15 (Figure IV.27¢), and continues to be advected into the wake at #/zcony = 0.21 (Figure
1V.27f) while the vorticity layer stabilizes near the actuator. The location of the detached vortex
within the near wake is shown for #/7conv = 0.27 in Figure IV.28. After a period of 7cony (cf.

Figure IV.24), the flow settles into the configuration shown in Figure IV.25a.
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IV.4.2 Aerodynamic Control using Modulated Actuation

Alternate, pulse modulated activation of the hybrid actuator is used to achieve proportional bi-
directional control of the pitching moment relative to some desirable trim condition. To this end,
the transitory effects discussed in §I1V.4.1 are exploited in order to maximize the control
authority of the actuator over a broad range of angles of attack. The earlier work of DeSalvo and
Glezer (2005) demonstrated that the airfoil’s aerodynamic characteristics can be continuously
varied simply by adjusting the actuator momentum coefficient C,, through the amplitude of the
actuation waveform. However, this variation is nonlinear and is clearly dependent on the
characteristics of the actuator (e.g. at very low actuation amplitudes the jet formation may be
unstable). For these reasons it is useful to operate the actuator using pulse width modulation and
vary its duty cycle for a given C,. As shown by DeSalvo and Glezer (2006), by exploiting
transitory effects, pulse modulated actuation can yield aerodynamic performance that is equal to
or greater than what is achieved with continuous (unmodulated) actuation with lower actuation
power. The effects of actuation increase with increasing duty cycle, and seem to peak when the

modulation frequency is commensurate with the unstable frequencies of the near wake.

These considerations suggest that alternate, pulse modulated operation of two actuators mounted
on opposite surfaces near the trailing edge can yield desired, controllable variation in the
aerodynamic performance. In the present implementation, complementary pulse-modulated
actuation waveforms are applied to the SS and PS actuators in order to vary Cy between the
pitching moments that are effected by continuous operation of each of actuators. As shown in
connection with Figure IV.20, the achievable pitching moments are almost invariant across a
broad range of angles of attack when the baseline flow is fully attached. Therefore, the PS and
SS actuators are operated at actuation levels that correspond to the minimum and maximum
levels of Cy and are pulse modulated complementary to each other at variable duty cycle such
that only one actuator is active at any one time to produce a continuous variation in the
magnitude of Cy. Based on transitory response of I in Figure IV.24, the modulation (or
repetition) frequency of the (pulse) modulating waveform is selected so that the PS actuator is
operated for 0.421.,, of each modulation period while the SS actuator is operating the remainder

of the time.
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Figure IV.29. Variation of (ACy/ |Cuol|) operating pressure surface actuator in pulses
of duration 0.42t and suction surface actuator the remainder of the time (W)
Unmodulated actuation: (—) Unactuated, (—), Pressure surface actuation only, (—)
Suction surface actuation only, (—) Both actuators operating.
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Figure 1V.30. Variation of (AC./Cro); modulation scheme and symbols as in Figure
1V.29.
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Figure IV.31. Variation of (ACp,/ Cppo); modulation scheme and symbols as in Figure
1V.29.
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V. CONCLUSIONS

The aerodynamic performance of a swept wing is controlled by leveraging the presence of
localized trapped vorticity concentrations that are engendered by one or more hybrid actuators on
the pressure and suction surfaces near the leading and trailing edges of the airfoil when the
baseline flow is fully attached. The vorticity concentrations are manipulated in such a manner
that the pressure distribution around the airfoil is altered, yielding significant reduction in drag in
most configurations, along with substantial bi-directional changes in the pitching moment.
Actuation is effected using hybrid actuators consisting of a miniature obstruction having a
characteristic scale of O(0.0lc) which forms a domain of trapped vorticity and an integral
synthetic jet having momentum coefficient C, = 0(10*) which is used to regulate the vorticity

concentrations that form downstream of the obstruction.

When a single hybrid actuator is placed just upstream of the trailing edge on the pressure side,
there is a small increase in lift which is accompanied by increased pressure drag and therefore a
reduction in the lift to pressure drag ratio (L/Dp). Continuous high-frequency actuation results in
the formation of a localized low-pressure domain between the downstream edge of the actuator

and the trailing edge of the airfoil, altering the flow in the region and reversing some of the
changes in the pressure distribution that are induced by the inactive actuator. The pressure at the
trailing edge increases and the wake of the airfoil is turned upward. The actuation results in a
substantial increase in L/D, compared to both the baseline (smooth) airfoil and the inactive
actuator configuration. The maximum lift to drag ratio L/D, = 34.1 is obtained at &= 6° which is
an increase of 40% over the inactive actuator airfoil, but more significantly an increase of 20%

over the smooth airfoil.

High-resolution particle image velocimetry (PIV) is used to obtain detailed information about the
flow field in the vicinity of the actuator to determine the effects of the actuation on the structure
of the near wake and the flux of vorticity into the wake. When actuation is initiated, a disruption
is created in the separated vorticity layer at the actuator orifice that causes a large vorticity
concentration to be shed into the wake. The actuation generates pairs of vorticity concentrations
of alternating (opposite) sense which are subsequently advected downstream; the concentration
of opposite sense to the boundary layer diminishes rapidly, while the other concentration remains

attached to the wall before being shed into the wake downstream of the actuator. This causes the
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separation point along the wall to move downstream, reducing the extent of the recirculating
flow domain near the actuator thus altering the rear stagnation point and thereby the aerodynamic
characteristics of the entire airfoil. Deactivation of the actuator causes a vorticity cluster to be
shed into the wake before a stable detached layer of vorticity is reestablished near the actuator

orifice.

Phase-locked PIV studies have been conducted to determine the time varying characteristics of
the wake under pulse modulated actuation. The vorticity flux across the near wake (~0.05¢
downstream of the trailing edge) is computed and integrated to obtain the time rate of change of
circulation, from which the variation of circulation over time around the entire airfoil is
computed. Initiation of actuation leads to changes in the circulation on the timescale of 1-27.ony
along with more rapid variations on the timescale of ~0.157cny, corresponding to a reduced
modulation frequency of Stmea = 6.7 which corresponds to the characteristic frequency of the
unstable wake. Actuation also leads to a reduction in the velocity deficit in the wake along with
a shift toward the trailing edge, both of which develop on the same time scales as the changes in

circulation,

Placement of a hybrid actuator near the leading edge on the pressure surface leads to a significant
(nominally 50%) reduction in pressure drag with minimal lift penalty (nominally 9%). The.
presence of the actuator results in the formation of a domain of trapped vorticity near the actuator
orifice which leads to a local acceleration of the flow immediately upstream of the actuator. It
has been shown in these studies that by controlling the streamwise extent of the induced
concentrations of trapped vorticity and therefore the magnitude and streamwise extent of the
local suction peak near the actuator orifice it is possible to continuously reduce the pressure drag
of the airfoil and concomitantly increase the lift to drag ratio. For this configuration of the airfoil
and hybrid actuator, the skin friction drag Cpr is estimated from integration of the wall friction
coefficient around the airfoil that is obtained from detailed PIV measurements of streamwise
velocity within the surface boundary layer. For the baseline configuration (where the boundary
layer is laminar along much of the pressure surface), Cpr=0.0058. In the presence of the
actuator Cpg= 0.0081 when the actuator is inactive and 0.0076 when the jet is activated. The
total drag coefficients for the airfoil for the three configurations tested are Cp = 0.0170 (baseline),

0.0192 (inactive hybrid actuator) and 0.0121 (jet actuation). These results show that for a = 4°
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and Re. = 6.7:10°, the actuation leads to a 29% reduction of the total drag relative to the
baseline airfoil and therefore to an increase of 27% in L/D from 28.3 1o 35.8.

It is remarkable that the simultaneous formation of trapped vorticity concentrations can lead to a
superposition of their individual effects. For example, the formation of such concentrations near
the leading and trailing edges of the airfoil leads to a significant increase in lift in the absence of
actuation. Actuation near the leading edge only results in reduction of the pressure drag of up to
42% relative to the unactuated airfoil at & = 4° with virtually no change in lift or moment (about
c/4). Actuation near the trailing edge leads to an independent additional reduction in pressure
drag (58% relative to the unactuated airfoil with a small penalty of about 5% in lift) and also to
alteration of the pitching moment. Simultaneous operation of both actuators reduces the pressure

drag at a = 4° to Cp, = 0.0003 from Cp, = 0.0085 for the baseline airfoil.

The formation of independently controlled trapped vorticity domains on the pressure and suction
surfaces of the airfoil near the trailing edge is used to effect control of the airfoil pitching
moment in the absence of moving control surfaces. Continuous operation of either actuator leads
to substantial changes in the pitching moment over a broad range of angles of attack that are bi-
directional relative to the moment of the unactuated airfoil (the pressure and suction surface
actuators induce relative pitch-up and —down moments, respectively). The present
measurements show that the levels of Cy effected by each actuator at maximum actuation power
are reasonably independent of o over the range —2°<a <9° and that the nominal range of
moment values span 1.4Cy, (Where Cy, is the moment of the baseline airfoil). The magnitude
of the induced moment (and other aerodynamic characteristics) depends on the location of the
actuator and placement of the suction surface actuator at 0.90c expands the overall range of
moment variation to 1.6Cy, (with a somewhat larger drag penalty). Actuation can also be used
to adjust (. across a range of 4C. = 0.1. While operation of the pressure surface actuator leads
to pressure drag levels that are comparable to the smooth airfoil (and a slight reduction in lift),
operation of the suction side actuator results in a small increase in pressure drag (17% at a = 6°

compared to the smooth airfoil) and a slight increase in lift.

The actuation effectiveness can be substantially increased by exploiting transitory effects that are
associated with the onset and termination of the actuation input thereby leading to improved

performance at reduced input power. This is investigated by comparing the effect of continuous
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and amplitude (pulse) modulated actuation having the same input power. Power levels are
adjusted by varying the amplitude of the continuous waveform and the frequency and duty cycle
of the modulating waveform. It is shown that the aerodynamic performance of the present
airfoil can be continuously varied without the use of control surfaces between the levels of a
high-lift airfoil (but with lower L/D relative to the baseline) and an airfoil that has improved L/D
(relative to the baseline). Performance improvements can be realized at lower actuation power
using pulse width modulation of the actuation waveform. In particular, operating the trailing
edge actuator on the pressure surface at a reduced modulation frequency that is coupled to the
instability of the near wake (Stmos = 6.7) and a duty cycle of 0.25 reduces the drag to the same
level as with continuous actuation at full power, with only a minimal lift penalty in both cases.
There is even greater drag reduction when the actuator is operated at St,,, = 6.7 and duty cycle
0.9.

Continuous variation of the airfoil aerodynamic characteristics that is achievable through pulse
modulated actuation is exploited in the dual trailing edge actuator configuration to achieve
proportional bi-directional control of the pitching moment relative to some desirable trim
condition where transitory effects are exploited to maximize the control authority over a broad
range of angles of attack. Because the variation in the aerodynamic characteristics depends
nonlinearly on actuation voltage it is useful to operate the actuator using pulse width modulation
and vary the duty cycle and modulation frequency for a given C, to achieve a desired,
controllable variation in the aerodynamic performance. A nearly linear variation in pitching
moment with modulation frequency can be achieved over a nominal range of 1.28Cy, (at = 4°).
The application of pulse width modulation also alters the corresponding changes in pressure drag.
When the pressure surface actuator is mostly operational the pressure drag is comparable to the
pressure drag of the smooth airfoil, and when the suction surface actuator is mostly operational,
the pressure drag is 30% less than with continuous actuation of the suction surface actuator. Asa
result, C can be varied over nearly the same range of levels as with continuous actuation but

with lower drag penalty.
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